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I.1 Concepts, processes and patterns 
I.1.1 Concepts and definitions 
Any sample collected from a natural environment will contain a certain 
number of individuals belonging to a collection of different species. The 
simplest expression to define diversity is the number of taxa present in a 
given system, for instance the total number of species, known as species 
richness. Other metrics consider at the same time species richness and 
evenness, i.e. how individuals are distributed among species or their relative 
abundances. Thus, diversity would be maximal when all the species provide 
the same number of individuals to the community, a situation that is 
however never found in nature. 
 
Throughout this Thesis, the term ecological community will refer to the 
group of trophically similar species that actually or potentially compete in a 
local area for the same or similar resources (Hubbell 2001), sometimes 
referred in the literature as assemblages (Fauth et al. 1996). Communities 
are not discrete entities and their boundaries often vary across space and 
through time (Leibold et al. 2004), especially in unstable environments such 
as aquatic ecosystems or under ecological disturbance events, defined as 
those that cause temporary and localized shifts in demographic rates 
(Dornelas 2010). This intrinsic variability, together with the fact that any 
given outcome could be derived from several processes, make it difficult to 
study the mechanisms which determine the species composition of the 
assemblage, as well as understanding how processes give rise to patterns in 
both space and time. Those are the objectives shared by two different but 
overlapping branches of ecology: biogeography, the study of the 
distribution of species and ecosystems in geographic space and through 
geological time (Ricklefs & Jenkins 2011), and community ecology, which 
studies patterns in diversity, abundance and composition of communities as 
well as the processes underlying them (Hubbell 2001). These and some 
other important terms and concepts used throughout this Thesis are 
summarized in Appendix 1. 
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In this general introduction, I discuss the processes which are likely to 
determine community composition and examine some of the most studied 
patterns of diversity, as well as the role attributed to diversity in 
determining ecosystems functioning and stability. In addition, a brief review 
of the main macroecological patterns of diversity for marine phytoplankton 
is presented, together with a synthesis on conventional sampling protocols 
for the study of phytoplankton diversity, as well as their potential 
shortcomings. 
 
I.1.2 Processes determining the structure and diversity of natural 
communities 
The variety of processes acting over species assembly to conform a 
community can be grouped into four basic categories: speciation, dispersal, 
selection, and drift (see Fig.1.1 and Appendix 1). There is no consensus yet 
(particularly in the case of microbial planktonic communities) about the 
extent to which each process acts to model the assemblage of species and 
how the features of each organism, community and environmental setting 
can modify the relative importance of the processes involved. Here, a 
general theoretical framework is used in which species are added to 
communities via speciation and dispersal, while the relative abundances of 
the species within each community are controlled by drift, selection and 
ongoing dispersal, to drive community dynamics (Vellend 2010) (Fig. 1.1). 
 
I.1.2.1 Selection 
Selection represents the deterministic outcome of local interactions among 
functionally distinct species, with intrinsic biological traits, or between them 
and the local environment (Jablonski 2008, Vellend 2010). Intuitively, it was 
traditionally proposed as the main driver of community dynamics for any 
kind of organism. Consequently, there is a vast literature on selective 
processes, both biotic (competition, predation, parasitism and mutualism) 
(Godfray & Hassell 1997, Chesson 2000a, Hoeksema & Kummel 2003, Bragg 
et al. 2010, Condon et al. 2014) and abiotic (derived from natural variability 
in environmental factors such as solar energy, temperature, resources 
availability, turbulence regime, etc.) (Abrams 1984, Turner et al. 1987, 
Hawkins et al. 2003, Gillooly & Allen 2007, Jiang & Patel 2008). For instance, 
field and laboratory experiments have demonstrated species exclusion by 
superior competitors in a variety of organisms including plants (Tilman 
1982, Tilman 1988) and phytoplankton (Tilman 1977). Selection was 
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proposed as a primary driver of species extinction (Williams et al. 2004) or, 
alternatively, to facilitate stable coexistence, for example due to negative 
density-dependent selection (Haldane 1956) or fluctuating temperature 
conditions (Descamps-Julien & Gonzalez 2005). However, the importance 
given to selection as a driver of diversity and species biogeography, with 
respect to other processes involved in community dynamics, has been 
variable throughout the history of community ecology (Ricklefs 2004, 
Vellend 2010). 
 
Fig.1.1 Processes determining community assembly and diversity patterns, modified from 
Vellend (2010). Positive and negative effects over the number of species are represented by 
green and orange arrows, respectively. For simplicity, potential interactions among drivers 
are not shown. 
 
Species coexistence has been proposed to depend on functional traits and 
trade-offs which, to a large extent, define the ecological niche of a species, 
making them crucial for determining the distribution of species or functional 
groups along environmental gradients (Litchman et al. 2007). For instance, 
Ramón Margalef pioneered the use of trait-based approaches to predict 
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phytoplankton community composition along environmental gradients, by 
investigating the responses of different taxonomic/functional groups of 
phytoplankton to oceanic turbulence and nutrients supply dynamics 
(Margalef 1978). However, it was later recognized that the local 
composition of any given community is also dependent (together with local 
variability due to drift and dispersal) on the regional/global pool of species 
defined at broader spatio-temporal scales (the seed bank of species), which 
in turn depends on speciation (Ricklefs 1987, Ricklefs & Schluter 1993, 
Brown 1995). 
 
I.1.2.2 Speciation 
Speciation is the process by which new species are generated. It is thus a 
key process in determining the number and types of species in large regions 
and isolated islands (MacArthur & Wilson 1967, Losos & Schluter 2000, 
Ricklefs 2008). The rate of biological diversification is defined by the balance 
between the rates of speciation and extinction (loss of extant species, 
mostly rare species present in low population numbers). Hence, an increase 
in diversification and consequently in the number of species in a given area, 
can be the result of an increase in speciation or, alternatively, a decrease in 
extinction, caused by drift or selection as a result of environmental 
variability or drastic disturbance events (Alroy 2010a, Cermeño et al. 
2013a). 
 
Speciation could explain why regions of similar area and environmental 
conditions can host a very different number of species (Ricklefs 2004). The 
heterogeneity of habitats facilitates the geographic segregation of 
populations and represents a powerful driver of speciation and 
diversification (Pianka 1969, Qian & Ricklefs 2000). However, factors other 
than the rate of diversification are important. For instance, Wiens et al. 
(2007) found a mid-elevation peak in species richness patterns for a clade of 
tropical salamanders, although they found similar rates of diversification at 
different elevations. They noted that mid-elevation habitats were colonized 
earliest in the evolution of the clade, which could explain high diversities at 
intermediate elevations. A similar effect (the “mid-domain effect”) has been 
proposed to explain the peak in species number at tropical latitudes (Colwell 
& Lees 2000) (see section I.1.3.2 The latitudinal diversity gradient, below in 
this chapter, for further details). Alternatively, an increase in the kinetics of 
enzymatic reactions and metabolic rates at areas of higher ambient 
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temperature could increase the probability of mutation and speciation 
(Allen et al. 2007), giving rise to higher species richness. 
 
On ecological time scales, environmental selection represents the dominant 
control of community composition (e.g., Ricklefs & Schluter (1993) and 
Pärtel (2002)). However, according to the “species pool hypothesis” (Pärtel 
2002), speciation, which operates over longer time scales, is likely a critical 
process contributing to shape many diversity-environment relationships 
(Ricklefs 2004) through its effect on the regional pool of species (see also 
the ‘metacommunity’ concept in Appendix1). 
 
I.1.2.3 Drift 
Ecological drift is defined as the stochastic variation in the relative 
abundance of species, exclusively due to chance in demographic parameters 
(reproduction and death), not to an advantage conferred by any trait (as in 
the case of selection). This process is very difficult to measure empirically 
because there is always the possibility of a deterministic mechanism derived 
from some uncontrolled factor. It was traditionally associated with 
competitive equivalence (Goldberg & Werner 1983, Fauth et al. 1990) or 
with the fraction of unpredictable outcome (“noise”) from competition 
experiments or interactions (Collins & Glenn 1991), until it was imported 
from population genetics by Hubbell as a keystone of his neutral theory of 
ecology and biogeography (Hubbell 2001, Hubbell 2005). 
 
Rare species, characterized by small population numbers, are more 
susceptible to the forces of drift, which will eventually cause their extinction 
(Hubbell 2001). In nature, the outcome of demographic stochasticity is 
largely influenced by environmental selection, such that the weaker the 
strength of selection and the smaller the size of the community, the higher 
the likelihood that drift is the main process determining the structure of the 
community. Indeed, in most data sets, species composition is strongly 
related to environmental conditions, which is indicative of competitive 
selection. But on the other hand, the compositional similarity between sites 
varies sometimes with spatial distance independently of environment 
(Cottenie 2005), which is an indirect indication of drift and/or dispersal. 
Maybe, under a certain range of conditions at local spatio-temporal scales, 
species are competitively equivalent and hence the competition outcome is 
in drift’s hands (Mertz et al. 1976). 
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I.1.2.4 Dispersal 
Dispersal, the movement of organisms across space, is the last piece of the 
puzzle which is community ecology. It was included by MacArthur &Wilson 
(1967) in their theory of island biogeography as one-way dispersal from a 
big pool of species (the mainland) towards small local communities (the 
islands). However, it was later praised up as a very important process in 
community ecology models through the development of the 
metacommunity concept, a collection of local communities which are 
interconnected to each other by the dispersal of individuals (Hubbell 2001, 
Leibold et al. 2004, Holyoak et al. 2005). 
 
A common empirical and theoretical result is the increase in local species 
richness with increasing dispersal. For example, after a dramatic loss of 
species due to a disturbance, dispersal is the key process responsible for 
recovering diversity levels (Whittaker et al. 1989). It has been proposed that 
it is in new or changing habitats, where immigrants face less competition 
from resident organisms, that the effects of speciation and dispersal on 
community assembly may be more important (Leibold & McPeek 2006). But 
dispersal can act together with other processes to control community 
assemblage in many other complex ways. For instance, if a species within a 
local community goes extinct, it is usually attributed to stochastic chance 
(drift) or to unfavorable environmental conditions (selection), neglecting the 
potential role of dispersal as an agent of species loss. In marine ecosystems, 
turbulence is the ultimate responsible for the supply of nutrients from deep 
to upper layers, but it also plays a fundamental role in determining 
community structure by stirring planktonic organisms (Margalef 1978). 
Therefore, passive dispersal may have a much more important role, at 
shorter temporal and spatial scales, in marine environments than in 
terrestrial ecosystems. 
 
I.1.3 Patterns of diversity 
Quantifying and comparing diversity allow disentangling the effects of 
different ecological processes on community structure. Ecologists have 
always been intrigued by the patterns of distribution of species abundance 
and diversity, from early studies (MacArthur 1960, MacArthur & Wilson 
1967) to more recent theories and models (Bell 2000, Hubbell 2001, Allen et 
al. 2006, Holt 2006, Sloan et al. 2006, Vellend 2010). Multiple processes 
have been proposed, but there is no consensus about the extent to which 
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each factor is responsible for the emergent biogeographic patterns (see 
Pianka (1966), Huston (1994), Brown et al. (2001), Whittaker et al. (2003), 
Willig et al. (2003) and Hughes et al. (2006) for reviews). 
 
Many studies of species diversity have fixed their attention on large- and 
long-term scales, i.e. biogeographic and historical patterns, respectively, 
focusing on the nature and causes of species-area relationships, latitudinal 
and elevational gradients, and productivity-diversity relationships (Brown 
1988, Currie 1991, Rohde 1992, Rosenzweig 1992, Ricklefs & Schluter 1993, 
Rosenzweig 1995, Azovsky 2002, Pärtel et al. 2007). Some regional patterns 
were proposed to apply for both micro- and macroorganisms (Horner-
Devine et al. 2004), while other authors reported important differences 
between macro- and microscopic worlds (Hillebrand & Azovsky 2001, 
Azovsky 2002). Direct comparison of the patterns of macro- and micro-
organisms diversity is however challenging as their scales of evolutionary 
history and taxonomic diversity vary greatly. Moreover, some important 
differences in microorganism traits with respect to macroorganisms could 
lead to disparities in the importance of processes that regulate the structure 
of their communities. The small size of microorganisms implies huge 
population abundances which favor passive dispersal and widespread 
geographic distribution (Finlay & Clarke 1999), and a common dormancy 
state serves as a reservoir of genetic diversity (Jones & Lennon 2010). 
Besides, the phenotypic plasticity (Stearns 1989) and genetic diversity 
within a population of a given “species” (Polz et al. 2006), together with 
their short generation times (Dolan 2005), give rise to very fast ecological 
responses to shifting environmental conditions (Schmidt et al. 2007) and 
faster evolutionary tempo and diversification rates (Lenski et al. 1991) than 
those found in macroorganisms. 
 
I.1.3.1 Species-abundance distribution (SAD) 
Since not all the species are present in nature in an equivalent abundance 
(or biomass), the way the individuals are distributed among the species is a 
very valuable indicator of the main processes determining community 
dynamics. 
 
The SAD is considered to be a fundamental characteristic of community 
structure. There are several models proposed to reproduce or predict SADs 
(see Magurran (2004), McGill et al. (2007) and Magurran & McGill (2011)) 
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for reviews), but probably the one presented by Preston in 1948, the 
lognormal distribution (LND) (Preston 1948), is the most important and 
influential one. He proposed to plot abundances in a histogram using log2-
transformed (instead of arithmetic) scale, creating classes of abundance 
called ”octaves”. The abundance range of each octave is twice as large as 
that of the preceding one. By using this plotting methodology, he 
discovered that the SAD on a log-scale is usually modal (humped), similar in 
shape to a Gaussian distribution (a symmetric, bell-shaped curve). Since 
Preston’s work (Preston 1948, Preston 1962a, Preston 1962b) the empirical 
SAD has been considered to conform, at least approximately, to a lognormal 
distribution (Dornelas & Connolly 2008), which states that the fraction of 
species with n individuals is a Gaussian function of log(n). 
 
Another important contribution of Preston’s work was the introduction of 
the “veil-line” concept to explain the difference between the SAD of an 
ecological community and that of a sample drawn from it (Chisholm 2007). 
Most assemblages appear to follow the canonical lognormal distribution of 
species-abundance (May 1975, Gaston & Blackburn 2000, Connolly et al. 
2009). However, if data consist of abundances measured in a sample, 
although it is assumed to be representative of the whole community, it is 
likely that the rarer species, with lower likelihoods of detection, are not 
present in it. Therefore, the left end of the SAD curve may be hidden due to 
incomplete censuses, i.e., the SAD of the sample resembles a truncated 
version of the SAD of the community. This truncation point was called by 
Preston as the veil line (Preston 1948) (Fig. 1.2). He argued that the smaller 
the sample with respect to the size of the actual community, the further the 
veil line will be from the origin of the curve. Consequently, increasing 
sampling effort lifts the veil (moves it to the left), allowing observing 
progressively rarer species. This lifting effect was demonstrated for ants by 
Longino et al. (2002) and for coral communities by Connolly et al. (2005). 
Another example was provided by Ulrich and co-workers, who found that 
completely censused freshwater or terrestrial animal communities tend to 
follow lognormal SADs more often than logseries or power law types, 
without regard to species richness, spatial scale or geographic position 
(Ulrich et al. 2010). This means that only large samples are likely to include 
rarer species, providing information about species relative abundances that 
small samples cannot deliver (Dornelas & Connolly 2008). 
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Fig. 1.2 Preston’s “veil line” concept: blue bars represent the fraction of the species-
abundance distribution which is detected by a small sample taken from the community; the 
maroon portion represents the “rare” fraction of the community, which is “veiled” due to 
insufficient sampling effort to detect the rarer species. Figure extracted from Verberk 
(2012). 
 
I.1.3.2 The latitudinal diversity gradient (LDG) 
The LDG is one of the oldest and most studied patterns described in the 
ecological literature. It was reported (although not named yet as we know it 
nowadays) in the 18th Century by the naturalists who explored South 
America in missions ordered by Spanish King Carlos IV (Hawkins 2001). 
 
The LDG describes a decline in species richness with increasing latitude from 
the Equator to the poles (Rohde 1992, Willig et al. 2003, Currie et al. 2004, 
Fuhrman et al. 2008, Rombouts et al. 2009), while hotspots of diversity are 
sometimes described at intermediate latitudes for many taxa (Rex et al. 
2005, Barton et al. 2010, Stomp et al. 2011). This pattern has been 
traditionally explained in a deterministic manner, using latitude as a proxy 
for many other environmental gradients which are the actual drivers of 
diversity distribution. However, the number of hypothesis proposed to 
account for LDG is immense (over 30 in the review published by Willig et al. 
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(2003)) and no consensus has been achieved yet. Here, only the more 
relevant ones, within the scope of this Thesis, are briefly explained. 
 
The intensity of solar radiation and therefore the amount of energy 
available for autotrophic organisms is maximal at low latitudes and 
decreases towards the poles. The “species-energy theory” (Brown 1981, 
Wright 1983) proposes that this gradient of energy availability gives rise to 
gradients of primary productivity and temperature. On the one hand, the 
“more individuals hypothesis” postulates that the higher the productivity of 
the ecosystem, the higher the number of individuals, and hence of species, 
that it can support (Hurlbert 2004). The metabolic theory of ecology (MTE), 
related to the ‘”speciation rate hypothesis”, postulates that high 
temperature increases the rates of mutation and diversification, or modifies 
biotic interactions so that the opportunity for evolutionary diversification 
increases (Allen et al. 2007). 
 
Other hypotheses are primarily intended to explain higher species richness 
in the tropics. For instance, the “mid-domain hypothesis” states that the 
tropics are more diverse because they are in the middle, geographically 
speaking (Colwell & Lees 2000). On the other side, the “area hypotheses” 
explains the high diversity in the tropics as a consequence of their bigger 
size, so that they are easier targets to immigrants which arrive due to 
dispersal (Rosenzweig 1992). Finally, tropical areas have also been proposed 
to be more diverse because they have been climatically more stable along 
the history of Earth, relative to temperate areas where glaciation periods 
had a stronger impact on ecosystems. Climatic stability would thus have 
given species longer periods to emerge, evolve and accumulate (Farrell & 
Mitter 1993, Latham & Ricklefs 1993). 
 
I.1.3.3 The species-area (time) relationship (SAR, STR) 
The SAR reflects the fact that larger areas tend to harbor higher species 
richness (Arrhenius 1921). This relationship is typically described by a power 
law function (Tjørve 2003). Among the biological reasons stated to explain 
it, larger areas were proposed to allow for a greater diversity of species 
because they encompass greater diversity of habitats (Williams 1964). 
Besides, larger areas are easier targets to immigrants (as explained for 
tropical regions), and they can support a higher number of individuals, so 
the extinction of a local species by drift or passive dispersal (emigration) is 
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less likely. Thus, the chances for diversification are higher than in small 
areas (Gaston & Blackburn 2000). 
 
The existence of SARs has been widely established for macroorganisms and 
has been proposed to apply also for microorganisms (Green et al. 2004, 
Horner-Devine et al. 2004, Bryant et al. 2008). However, for microbes it 
appears to be dependent on the spatial scale of observation (Bissett et al. 
2010), the sampling effort applied (Sloan et al. 2006) and the definition of 
species (Storch & Šizling 2008). 
 
The temporal analogue of the SAR is the species-time relationship (STR), 
which expresses the increase in the number of taxa encountered in a given 
system as the time span of observation is increased. This relationship has 
been much less studied than the SAR (Rosenzweig 1995, Adler & Lauenroth 
2003, White 2004, P White et al. 2006). For microorganisms, we found only 
a couple of studies reporting this pattern, both performed under non-
natural conditions (Van Der Gast et al. 2008, Wells et al. 2011). 
 
I.1.3.4 Distance (time) – decay similarity (DDS, TDS) 
An expression related to the SAR is the distance-decay similarity (DDS), 
which expresses the turnover of community composition in space (or β-
diversity, the difference in species composition among habitats, each one 
with a given local α-diversity), with communities becoming less similar as 
the geographical distance that separates them increases (Bryant et al. 2008, 
King et al. 2010). 
 
The equivalent expression for the temporal turnover of species is the time-
decay similarity (TDS), or β-diversity in time. For instance, Korhonen et al. 
(2010) performed a meta-analysis across systems for different taxa and they 
found that the degree of temporal turnover was inversely related to 
sampling duration, ecosystem size, as well as the level of active mobility and 
the size of the organisms. Another example was provided by Fuhrman et al. 
(2006), who explored the relationship between bacterial community 
composition and environmental variability along annual cycles. They found 
temporal patterns in marine bacterial distribution and abundance, with 
annually reoccurring bacterial communities which were predictable from 
ocean conditions. 
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I.1.3.5 The productivity-diversity relationship (PDR) 
Understanding the shape and the mechanisms underlying the PDR is a key 
goal of ecology because it has important implications for the functioning of 
ecosystems (Hooper et al. 2005, Balvanera et al. 2006). Field data and 
experimental analyses show that, for a variety of taxa and habitat types, this 
relationship can adopt different patterns, including a monotonic 
increase/decrease, a hump-shaped curve or a lack of dependence (Waide et 
al. 1999, Mittelbach et al. 2001, Adler et al. 2011). This variability in shape 
might be however a consequence of the variability in the spatial scale at 
which data are collected (Chase & Leibold 2002). 
 
Variations in the number of species among communities have been related 
to changes in the supply rate of resources that limit the production of 
biomass (Rosenzweig & Abramsky 1993, Waide et al. 1999). Alternatively, it 
has been suggested that highly diverse communities, by increasing the array 
of physiological strategies, are more efficient in the use of resources and 
therefore should exhibit higher rates of production and community biomass 
(Fridley 2001, Hooper et al. 2005, Cardinale et al. 2009). 
 
An extensive analysis about the shape of the PDR for natural marine 
phytoplankton, as well as its potential variability/dependence on the spatial 
and temporal scale of observation, is still lacking. 
 
I.1.4 Theoretical frameworks 
Along the history of community ecology, different theoretical frameworks 
and conceptual models have tried to explain the patterns of diversity for 
natural communities, and the processes underlying them. This is however a 
difficult task since most of the patterns can be explained in different ways. 
 
Only selection has been used individually, as a single explanatory driver of 
diversity patterns, in purely selection-based models (Tilman 1982, Chase & 
Leibold 2003). The frameworks developed in the last decades differ in the 
way they use or combine the key processes: selection, drift, speciation and 
dispersal (see Vellend (2010) for a review). Basically, there are four main 
types of frameworks: 1) equalizing vs. stabilizing mechanisms of coexistence 
(Chesson 2000b), which aim to explain the coexistence of species mainly by 
selection and drift; 2) local vs. regional controls on community structure, 
which highlight the role of processes operating at local vs. broader spatial 
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and temporal scales, i.e., drift and selection vs. speciation and widespread 
dispersal, respectively (Ricklefs 1987, Huston 1999, Hillebrand & Blenckner 
2002); 3) metacommunity theory (Holyoak et al. 2005), which includes drift, 
selection and dispersal (while speciation is mostly absent from the majority 
of the derived models); and 4) the theory of ecological communities (Vellend 
2010), which takes into account the four types of processes simultaneously. 
 
Moreover, there are some other important theories that, although not 
representing a new category by themselves (they are in fact included within 
selection), have been important in the development of community ecology: 
1) the metabolic theory of ecology (MTE) (Brown et al. 2004), later 
developed by Allen et al. (2007), which aims to explain the effects of energy 
as a driver of diversity (see Fig. 1.3); and 2) ecological stoichiometry (Sterner 
& Elser 2002), which examines how the nutrient content of organisms 
shapes their ecology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Energetic effects over diversity, modified from Gillooly & Allen (2007). 
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I.2 Marine phytoplankton macroecology 
1.2.1 General considerations 
Phytoplankton are the autotrophic, planktonic, unicellular organisms that 
inhabit the illuminated waters of all aquatic ecosystems. Although marine 
phytoplankton represent less than 1% of the total photosynthetic biomass 
on Earth, they are responsible for ~50% of the global primary production 
(Field et al. 1998), form the basis of most marine food webs, and contribute 
to climate regulation through their key role in biogeochemical cycles 
(Falkowski 2012). 
 
The total number of extant marine phytoplankton species is estimated to be 
higher than 20000 species (Falkowski et al. 2003). In 1961, Evelyn 
Hutchinson realized the huge local diversity of phytoplankton communities, 
composed by a much higher number of species than predicted by the 
Competitive Exclusion Principle: “complete competitors cannot coexist” 
(Hardin 1960), meaning that the number of coexisting species in equilibrium 
cannot exceed the number of limiting factors or resources. This observation 
inspired Hutchinson to develop his famous Paradox of the plankton 
(Hutchinson 1961), in which he addressed the key question as to ”… how is 
it possible for a number of species to coexist in a relatively isotropic or 
unstructured environment all competing for the same sorts of materials“. 
 
1.2.2 Processes determining the assemblage of marine microbial 
communities 
With the exception of selection, relatively little is known about the role of 
each of the four categories of drivers, their relative importance and how 
they are inter-related, to determine the structure and properties of marine 
microbial communities. 
 
Several works point towards competition as a critical process controlling 
phytoplankton diversity (Tilman 1977, Hutchins et al. 1999), although many 
of them were carried out under controlled conditions in the laboratory 
(Sommer 1985, Sommer 1994) or approached the issue from theoretical 
perspectives (Litchman & Klausmeier 2001). However, competition between 
two species for a single limiting nutrient has also been demonstrated to 
allow species coexistence (Cermeño et al. 2011). Moreover, competition 
among species would be expected to give rise to precise limits in their 
   Chapter I 
17 
 
spatial distribution, which is however not found in the field (Margalef 1978). 
A combination of stabilizing (related to selection) and equalizing (related to 
drift) mechanisms (niche and neutral approach, respectively) was recently 
suggested to be responsible for the existence of clumps of coexistent 
species in a phytoplankton community (Vergnon et al. 2009). 
 
Photosynthetic eukaryotes evolved more than 1.5 billion years ago. The 
three principal phytoplankton clades (diatoms, dinoflagellates and 
coccolythophorids) that dominate modern seas appeared in the Mesozoic 
Era (251 to 65 million years ago) (Falkowski et al. 2004). The evolution of 
marine microbes over billions of years predicts that the diversity of 
microbial communities should be much greater than the published 
estimates of few thousand distinct kinds of microbes per liter of seawater 
(Sogin et al. 2006). According to this, (Cermeño et al. 2013a) recently 
explored the diversity dynamics of microorganisms, using standardized fossil 
data corrected for temporal differences in sampling effort. Their findings 
showed that the morphological diversity of marine planktonic foraminifera 
has increased exponentially over the past 120 million years, in different 
pulses interrupted by periods of dramatic diversity loss. Assuming that this 
diversification model applies to other marine microorganisms, it would 
imply that the seed bank of species has been exponentially increasing 
through time from the early Cretaceous to the present. 
 
Finally, unicellular organisms, including eukaryotes, have been proposed to 
be ubiquitously distributed globally, suggesting that there is no dispersal 
limitation for these organisms (Finlay & Clarke 1999, Finlay 2002). On the 
contrary, other authors have argued that dispersal limitation may shape 
large-scale diversity patterns for microbial communities, such as the 
productivity-diversity relationship (Pärtel & Zobel 2007), or give rise to 
endemic morphospecies (Theriot et al. 2006). But the role of dispersal is 
much more difficult to study in marine ecosystems, and consequently most 
of the available information is restricted to mathematical modeling results 
(Clayton et al. 2013). Another example is the work published by Sloan et al. 
(2006), who showed that the relative abundance and frequency with which 
different taxa are observed in samples can be explained by a stochastic 
neutral community model. Their results suggest that chance and 
immigration are important forces in shaping the patterns seen for 
prokaryotic communities. 
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1.2.3 Macroecological patterns of marine phytoplankton diversity 
Macroecology studies the relationship between organisms and their 
environments and, by characterizing and explaining statistical patterns, aims 
to find universal laws across biomes and taxa, emerging from the statistical 
phenomenology of a large number of observations (Brown 1995, Gaston & 
Blackburn 2000, Witman & Roy 2009). There is a vast literature regarding 
macroecological patterns of diversity for both macro- and microorganisms 
(see Gaston & Blackburn (2000) and Soininen (2012) for reviews and 
references therein). Within microorganisms, however, research effort is 
clearly biased towards the prokaryotes. Only a few years ago, the discovery 
of new eukaryotic taxa based on cultures (Pedrós-Alió 1993, Guillou et al. 
1999) suggested the existence of many undiscovered taxa (Pedrós-Alió 
2006). The need to distinguish between different, very small species drove 
microbial ecologists to circumvent previous methodological shortcomings 
by developing new molecular tools, which in turn led to a fast increase in 
the number of publications on microbial diversity, especially in the last 
decades (Gasol & Duarte 2000). Yet, for eukaryotes, with the exception of 
species smaller than 2 µm in diameter (pico-plankton) (Diez et al. 2001, 
López-García et al. 2001, Massana 2011), taxonomy is still mostly based on 
the morphological inspection of individuals under the microscope. Probably 
due to the lower availability of data, there are only a few studies concerning 
macroecological patterns of diversity for marine phytoplankton. For 
instance Li (2002) studied the variability of “cytometric diversity” (as a proxy 
for the entropy in the assemblage), abundance and biomass, as well as how 
these variables inter-relate, by using data collected in the Northwestern 
Atlantic Ocean. To the best of our knowledge, only Irigoien et al. (2004) 
performed a global comparative analysis by using data on plankton 
abundance, biomass and diversity, collected across ecosystems at the global 
scale. 
 
Despite the importance of the species-abundance distribution (SAD), there 
are very few examples of studies pertaining to how the individuals are 
distributed among the species to conform natural communities of marine 
plankton (Logares et al. , Cassie 1962, Pueyo 2006). By assuming that this 
relationship is the canonical lognormal, Curtis et al. (2002) speculated that 
the total number of bacterial species in the sea would approach 2 x 106. 
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The latitudinal diversity gradient (LDG) has been proposed by some authors 
to apply to microbial planktonic organisms, which would thus share 
common properties and mechanistic drivers with macroorganisms 
(Fuhrman et al. 2008, Stomp et al. 2011). On the contrary, others have 
suggested that the LDG is dependent on body size (Hillebrand & Azovsky 
2001), or that it is absent for microbial organisms, which tend to be 
cosmopolitan (Finlay 2002, Finlay & Fenchel 2004, Fenchel 2005). 
 
The same variability was found for the slope (z) of the species-area 
relationship (SAR) for planktonic eukaryotes. For instance, Azovsky (2002) 
reported z values of 0.066 for benthic Arctic diatoms, Smith et al. (2005) 
found z values of 0.134 for a compilation of phytoplankton data from 
experimental and natural aquatic ecosystems, whereas Hillebrand et al. 
(2001) reported a wide range of z values (~0.1 to ~0.7) for unicellular 
microalgae, similar to those found for multicellular organisms. Moreover, 
some studies have reported increases in community dissimilarity with 
geographic distance for aquatic microorganisms (Hillebrand & Azovsky 
2001, Chust et al. 2013). 
 
The productivity-diversity relationship (PDR) has been proposed to be 
hump-shaped for marine phytoplankton (Irigoien et al. 2004, Smith 2007), 
with diversity peaking at intermediate levels of productivity. Primary 
production by marine phytoplankton is mainly dependent on two physical 
factors: 1) light, and 2) the physical forces which bring nutrients to the 
surface layers, mainly wind-driven turbulence (Falkowski & Oliver 2006). 
While solar radiation (and consequently superficial water temperature) 
decreases from the Equator towards the poles, upper ocean turbulence and 
hence the upwelling of nutrients to the euphotic layer increase from the 
tropics (where water is vertically stabilized due to strong and permanent 
thermal stratification derived from solar heating) towards the poles. As a 
result, light availability and nutrient availability are inversely related. These 
inverse relationships largely determine the latitudinal pattern of 
phytoplankton production in the open ocean, with primary productivity 
being very low at low latitudes, where there is abundant light but nutrients 
are scarce, while taking the highest values at intermediate latitudes, where 
both light and nutrients are available. Yet, in coastal environments along the 
continental margins, mainly due to the high availability of nutrients, there 
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are high-productive areas at low latitudes, which can result in extremely 
abundant blooms of a few species. 
 
Ramón Margalef suggested that turbulence is comparable to genetic drift in 
the sense of blurring the limits of species spatial distribution (Margalef 
1978). He argued that the level of diversity detected in a given volume of 
seawater would be dependent on the turbulence intensity at the sampling 
location (Margalef 1983). In turbulent environments, communities are well-
mixed and thus inspection of small volumes of seawater would suffice to 
find most of the species present in the system. By contrast, in stratified 
environments, populations are geographically segregated and hence an 
increase in sampling effort (across space and/or through time) is needed to 
increase the number of species detected/observed. Surprisingly, these 
predictions have not been empirically explored in depth. 
 
Importantly, the limitations of our former and current methodologies to 
determine diversity patterns may affect our observations of microbial 
plankton diversity (Pedrós-Alió 2006, Dolan & Stoeck 2011). Our ability to 
study microbial community structure, diversity distribution and, in general, 
any macroecological pattern from data obtained by conventional sampling 
efforts and methodologies, is being questioned (Kemp & Aller 2004, Curtis & 
Sloan 2005, Pedrós-Alió 2006, Woodcock et al. 2006). For instance, as 
explained by Bowman & McCuaig (2003), “most published data sets are too 
small to provide accurate values [of species richness]; i.e., most obtain only a 
non-asymptotic species richness [-accumulation] curve, which may result in 
serious underestimates of species diversity”. As suggested by Gotelli & 
Colwell (2001), measurements of species richness can only be compared 
after building asymptotic species-accumulation curves, meaning that all 
species have been recovered at least once. Alternatively, sampling-effort 
standardization techniques should be implemented to make the samples 
comparable. Clearly, much more data are needed to confirm the patterns of 
diversity for microbial taxa (McGill et al. 2007). 
 
1.2.4 Implications of phytoplankton diversity for ecosystem functioning 
As part of the microbial compartment in all aquatic ecosystems, 
phytoplankton represent an important fraction of their total biomass. Their 
diversity seems to be crucial for the stability and functioning of oceanic 
ecosystems and biogeochemical cycles (Ptacnik et al. 2008), which largely 
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influence the ecology of all organisms in higher trophic levels. In marine 
ecosystems, although numerically inferior to cyanobacteria, eukaryotic 
phytoplankton are responsible for the majority of the flux of organic matter 
to higher trophic levels and the ocean interior (Falkowski et al. 2004). It is 
believed that, because microbial community structure and function are 
inextricably linked, community composition determines or at least 
influences ecosystem function (Jones & Hallin 2010, Fukami et al. 2010). For 
example, community composition may affect C assimilation and nutrient 
uptake rates, which ultimately affect biomass stoichiometry (Striebel et al. 
2009) and the patterns and fate of primary production (Smith 2007).  
 
The “insurance hypothesis” (Yachi & Loreau 1999) suggests that high 
diversity buffers environmental fluctuations and thus prevents ecosystem 
decline, because different species respond in a different way to variability 
and thus provide greater probabilities of maintaining ecosystem 
functioning. On the other hand, Burke et al. (2011) have recently suggested 
that the assembly and structure of bacterial communities should not be 
addressed at the “species” level but rather at the more functional level of 
genes, or functional diversity. This disparity in the importance attributed to 
species diversity in determining ecosystem functioning could be derived 
from our inability to determine accurately diversity patterns under different 
environmental conditions or spatio-temporal scales. 
 
 
I.3 Conventional sampling methods for the estimation of 
phytoplankton abundance, biomass and diversity 
I.3.1 The inverted-microscope method 
Conventional methods for the determination of phytoplankton abundance, 
biomass and diversity were designed more than half a century ago. The 
inverted-microscope method or Utermöhl method was introduced in the 
early 1930s (Utermöhl 1931). More than twenty years later, two important 
contributions were published with the aim of improving the method as well 
as highlighting some statistical considerations (Utermöhl 1958, Lund et al. 
1958). In 1978, Sournia published the Phytoplankton manual, a 
recompilation of methods, good practices and general recommendations 
for the study of phytoplankton diversity and community ecology (Sournia 
1978), a monograph published by UNESCO within a collection of 
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oceanographic methodologies. Since then, these sampling and analysis 
methods have been routinely applied, sometimes with slight modifications 
(Willén 1976, Furet & Benson-Evans 1982, Paxinos & Mitchell 2000), but 
their performance regarding the accuracy in diversity estimation was not 
checked. 
 
Briefly, the inverted-microscope method consists on taking a small volume 
of seawater which is settled in a sedimentation chamber for a given time. 
(Utermöhl 1931) designed a collection of counting chambers and cylinders, 
with different volume to bottom area ratios, to be used with samples of 
different origin. For instance, a chamber with a large bottom in relation to 
the volume of sample contained facilitates the exploration of samples 
composed by dense phytoplankton populations. On the contrary, a chamber 
with a small bottom area with respect to the volume of sample in the 
cylinder is preferred when the sample is expected to contain sparse 
populations because it reduces the time wasted scanning the mostly empty 
bottom. Later, in 1958, he described a chamber with a detachable bottom 
plate, which made possible removing the upper part, the sedimentation 
cylinder (of 5, 10, 25, 50 or 100 mL capacity), after a given settling time. 
Once all organisms have settled in the bottom of the chamber, the plate can 
be inspected under an inverted microscope (Fig.1.4). Utermöhl (1958) 
warned against the use of too tall cylinders because of the possible 
attachment of organisms to the chamber wall. 
 
The volume of seawater for sedimentation is chosen according to the 
chlorophyll a (Chl a) concentration of the sample, following conventional 
criteria (Lund et al. 1958, Sournia 1978). The time recommended to allow all 
the cells to sink to the bottom of the chamber is variable depending on cell 
size and the height of the sedimentation cylinder. Utermöhl (1958) stated 
that at least 24 hours would be needed; Lund et al. (1958) recommended 18 
hours for 100-mL chambers, 3 hours for 10-mL and 1 hour for 1-mL; Willén 
(1976) used about 8 hours for 10-mL and 48 hours for 50- and 100-mL 
chambers; and finally, Margalef (1969) suggested that the sedimentation 
time in hours should be at least three times the height of the sedimentation 
chamber in centimeters. 
 
After the settling time, algal cells are counted under the microscope by 
using different magnifications, depending on their size. Larger forms are 
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counted under low magnification, while high magnification is used for small 
forms or those difficult to identify by morphological criteria. When the 
population is dense enough so that cells can be assumed to be randomly 
distributed in the plate, it is recommended to examine only a portion of the 
bottom area (exploring a given number of fields or transects). On the 
contrary, higher portions or the complete plate must be inspected for rare, 
in low abundance, populations. Then, knowing the dimensions of the plate 
or the field/transect inspected and hence the volume of sample settled in 
that area, as well as assuming a stochastic distribution of the cells in the 
plate, which must follow Poisson’s law being the mean of the distribution 
equal to its variance, µ = σ2 (Sokal & Rohlf 1995), we can easily extrapolate 
to calculate each species density or total abundance in the volume of 
sample. 
 
 
Fig.1.4 Sampling methodologies for counting and identifying phytoplankton cells in 
natural samples. 
 
I.3.2 Methodological constraints 
The ability to measure diversity is a prerequisite for the systematic study of 
biogeography and community assembly. Microorganisms attain high 
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population densities, which has led microphytoplankton ecologists to 
traditionally assume that samples of a few tens of milliliters suffice to 
characterize the assemblage of species. Thus, conventional methods for the 
estimation of phytoplankton species richness include the collection of a 
small volume of seawater, which is examined under the microscope (Lund 
et al. 1958). However, such samples, especially if they are collected along 
productivity gradients or at areas characterized by strong seasonality, may 
contain orders of magnitude of difference in total abundance and biomass 
per unit volume. Therefore, previous estimates of species numbers, based 
on roughly similar volumes of sample, are not strictly comparable (Gotelli & 
Colwell 2001). In Anne Magurran’s words, “biodiversity is, in essence, a 
comparative science” (Magurran 2004), and the meaning of any measure of 
diversity should be considered in relation to the size of the sample (Sournia 
1978). The extent to which these potential sampling shortcomings have 
limited our ability to delineate the patterns of microbial plankton diversity 
and identify the underlying mechanisms has been poorly explored. 
 
 
I.4 Aims of the Thesis 
I.4.1 General hypothesis and objective 
The main hypothesis of the present Thesis is that conventional sampling 
methods produce biased estimates of marine phytoplankton species 
richness. These biases have been largely ignored in the past, thus 
misguiding our perception of diversity patterns. 
 
Our fundamental goal is to review the patterns of marine phytoplankton 
diversity after correcting for differences in sampling effort. This approach 
will allow us to obtain appropriate and comparable data from which to 
redraw phytoplankton diversity patterns. 
 
I.4.2 Specific objectives 
 To investigate the possibility that our previous knowledge about the 
patterns of phytoplankton species richness might be influenced by the 
application of differential sampling efforts along productivity gradients. 
 
 To estimate the accuracy and precision of conventional sampling 
methods in determining local species richness (α-diversity). 
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 To construct species-accumulation curves from field data and 
mathematical models in order to quantify how far we are from 
detecting true diversity when using traditional protocols. 
 
 To identify differences in the SADs of communities in marine 
environments of contrasting productivity, as well as between SADs 
resulting from conventional vs. increased sampling efforts. 
 
 To determine the extent to which kinetic energy within the system 
(turbulence) influences the probability of sampling species. 
 
 To test whether the patterns of distribution of diversity of macro- and 
microorganisms are determined by the same mechanistic drivers. 
 
 To explore the role of resources availability, physic-chemical variables 
and primary productivity in controlling the patterns of phytoplankton 
diversity in space and through time. 
 
 To gain insight on the processes responsible for the assembly of marine 
phytoplankton communities and their role in controlling the patterns of 
diversity. 
 
 
I.5 Thesis outline 
In order to achieve the objectives exposed above, different lines of work 
were pursued. 
 
In Chapter II, natural communities were characterized and compared in 
terms of the shape of their species-abundance distribution (SAD) and 
productivity-diversity relationship (PDR). Firstly, we used data on 
phytoplankton community composition and species abundances obtained 
from areas of contrasting productivity (oligotrophic vs. upwelling), as well as 
from conventional vs. increased volumes of sample. Our objective was to 
determine whether the potential disparities in SAD between areas of 
contrasting productivity were derived from sampling biases in the detection 
of species or, alternatively, from differences in community structure. Then, 
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we used sampling-standardization techniques to obtain comparable data of 
species richness, which were used to explore the relationship between 
diversity and productivity at different spatial scales of observation. 
 
In Chapter III, we tested the hypothesis of the underestimation of species 
richness due to insufficient sampling effort when following traditional 
sampling protocols. We analyzed conventional volumes of seawater and 
also 10-fold larger volumes from an upwelling ecosystem, the Ría de Vigo, 
during periods of different productivity. Then, species-accumulation curves 
were built in order to determine how far we are from optimum sampling 
efforts and whether the level of undersampling is similar or not under 
different oceanographic conditions. Moreover, we sampled synthetic 
communities derived from a neutral community model configuration in 
order to determine the importance of the turbulent mixing of individuals in 
the probability of detection of species. 
 
Subsequently, in Chapter IV, we used global data on phytoplankton 
community composition, species abundances and a large collection of 
environmental and biological variables, in order to test the predictions of 
some of the main theories proposed to explain global patterns of diversity. 
We used linear and quadratic models in order to describe species richness 
as a function of several descriptors, we performed an extensive correlation 
analysis between pairs of variables, and finally we looked for the 
combination of descriptors which best explained the patterns of species 
richness distribution found for marine phytoplankton, attending as well at 
the temporal and spatial scales of observation. 
 
Chapter V presents a synthesis of the main results achieved within this 
Thesis, as well as a general discussion on the implications of our findings for 
the proper understanding of marine phytoplankton diversity patterns and 
the processes underlying them. Some methodological improvements and 
research proposal are presented, as well. 
 
Finally, in Chapter VI the main conclusions from this Thesis are enumerated. 
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Summary 
Microorganisms attain high population densities, which has led 
microplankton ecologists to assume that samples of a few tens of milliliters 
suffice to characterize the assemblage of species. However, the observation 
that microbial plankton communities contain a large pool of species with 
low population densities casts doubt on the validity of estimates based on 
conventional sampling methods. By standardizing estimates of species 
numbers, we showed that marine phytoplankton communities have been 
undersampled more severely in ecosystems of low productivity, thus leading 
to bias in the patterns of diversity reported previously. We found that 
phytoplankton communities from unproductive, subtropical waters fit to 
right-skewed, lognormal species-abundance distributions, which has long 
been interpreted to arise from incomplete censuses. The sampling-
standardized estimates of species richness showed no relationship with 
ecosystem productivity, arguing against the idea that phytoplankton 
diversity peaks at intermediate levels of primary production. These results 
suggest that these two fundamental properties of marine phytoplankton 
communities, viz. diversity and productivity, might not be linked 
mechanistically. 
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II.1 Introduction 
Roughly half of global primary production occurs in the oceans, mediated by 
the activity of free-living, photosynthetic microorganisms called 
phytoplankton (Field et al. 1998). Decades of taxonomic research and 
microscopy analyses have been instrumental in outlining the patterns of 
phytoplankton species distribution in aquatic ecosystems (Smayda & 
Reynolds 2001, Widdicombe et al. 2010). These studies have underscored a 
hump-shaped productivity-diversity relationship (PDR) for marine 
phytoplankton (Irigoien et al. 2004, Smith 2007). Arguments to explain this 
relationship have focused primarily on the role of interspecific competition 
for resources. Whereas a suite of limiting resources control the number of 
species in ecosystems characterized by low resource supply (Interlandi & 
Kilham 2001), a few fast-growing species dominate the exploitation of 
nutrients and light in productive ecosystems, and hence diversity is low in 
both unproductive and productive waters (Huisman & Weissing 1999, 
Irigoien et al. 2004). Maximum diversities are found in ecosystems 
dominated by intermediate levels of resource supply, reflecting a trade-off 
among competition, exploitation and grazing pressures, that facilitates the 
coexistence of species (Floder & Sommer 1999, Worm et al. 2002). 
Alternatively (Ptacnik et al. 2008) showed that the efficiency of resource use 
and thus carbon fixation increases with the diversity of phytoplankton 
communities in freshwater and brackish habitats, supporting the view that 
diversity enhances the productivity of the ecosystem. 
 
Our current estimates of phytoplankton diversity are obtained from small, 
conventional samples which may contain orders of magnitude of difference 
in total abundance and biomass per unit volume. Therefore, they might be 
biased by inadequate sampling designs. To explore this possibility, we 
analyzed data of phytoplankton community composition and cell counts 
from coastal and open ocean environments spanning over 4 orders of 
magnitude in phytoplankton carbon biomass, which is used here as a 
surrogate for productivity. Firstly, we standardized estimates of species 
numbers by constructing individual-based rarefaction curves (Gotelli & 
Colwell 2001). Rarefaction analysis is commonly used to estimate the 
number of species within incompletely surveyed communities and is needed 
to compare the diversity of communities containing different densities of 
individuals (Magurran 2004). Secondly, we analyzed the species abundance 
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distribution (SAD) of communities in environments of contrasting 
productivity. A large body of theoretical work and data analyses suggests 
that right-skewed lognormal SADs might be the result of incomplete 
censuses (Preston 1948, Nee et al. 1991). Increased sampling effort 
progressively uncovers the genuine distribution, which tends to adopt a 
lognormal shape. Our analysis aims at identifying differences in the SADs of 
communities in contrasting marine environments, and between SADs 
resulting from conventional versus improved sampling methods. 
 
 
II.2 Methods 
II.2.1 Data collection 
We compiled data of species composition and abundance of eukaryotic 
phytoplankton communities from the Ría de Vigo (NW Iberian Peninsula, 
42° 14.09’ N, 8° 47.18’W; September 1990 to April 1992; n = 150), the 
Atlantic Iberian shelf (42° 7.8’ N, 9° 10.2’W; May 2001 to April 2002; n = 50), 
the English Channel (50° 15’ N, 4° 13.02’W; January 2005 to June 2008; n = 
142) and 3 latitudinal transects in the Atlantic Ocean (Atlantic Meridional 
Transect, AMT, 1−3) from 50° N to 50° S (September 1995 to October 1996; 
n = 172). Data from the Ría de Vigo, Atlantic Iberian shelf and English 
Channel were obtained from seawater samples collected at the surface of 
the water column. AMT data were obtained from samples collected at the 
surface and the deep maximum of chlorophyll a (Chl a) concentration. The 
combined data set spanned 4 orders of magnitude in phytoplankton cell 
density, carbon biomass and primary production. 
 
II.2.2 Microscopy analyses 
At each station, 2 replicate seawater samples were preserved with 1% 
buffered formalin (to preserve calcium carbonate structures) and 1% final 
concentration Lugol’s iodine solution. A subsample of between 10 and 100 
ml, based on sample fluorescence (used as a proxy for Chl a concentration), 
was settled in a sedimentation chamber for 24 h, and then cells were 
identified and counted under an inverted microscope (Lund et al. 1958). Cell 
counts were expressed as the number of individuals enumerated per 
species and per volume of seawater examined. Small flagellates (typically 
<5−10 μm diameter) were excluded from the analysis, as individual species 
within this group of small phytoplankton cannot be differentiated by 
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obvious morphological criteria under the microscope. Cell volume was 
calculated by assigning different geometric shapes that were most similar to 
the real shape of each phytoplankton species. Phytoplankton carbon 
biomass was calculated from known carbon to volume relationships 
determined on monospecific cultures in the laboratory (Menden-Deuer & 
Lessard 2000). 
 
II.2.3 Non-parametric estimator of species richness 
The non-parametric species richness estimator Chao 1 (Chao1) computes 
the number of unseen species and adds a correction factor to the observed 
number of species (Chao 1984). Chao1 estimates total species richness 
(SChao1) as: 
 
              1
2    2⁄  ,      (Eq. 2.1) 
 
where Sobs is the number of observed species, n1 is the number of singletons 
(species observed once), and n2 is the number of doubletons (species 
observed twice). This index is particularly useful for data sets skewed 
toward the low-abundance classes. 
 
II.2.4 Sampling standardization 
We constructed individual-based rarefaction curves. Rarefaction generates 
the expected number of species in a small collection of n individuals drawn 
randomly from a large pool of N individuals, and is needed to compare the 
diversity of communities containing different densities of individuals (Heck 
et al. 1975, Denslow 1995, Gotelli & Colwell 2001, Magurran 2004). The 
method takes subsamples of n individuals (n = 20 individuals in this analysis) 
without replacement until the entire community has been sampled. After 
repeating this process 100 times, the expected (average) number of species 
for each sample size is plotted as a function of increasing sampling effort, 
giving rise to a rarefied species-accumulation curve. We represented the 
expected number of species after sampling a total of n = 300 individuals 
(Sraref). Increasing the number of individuals sampled did not alter the 
results, although it substantially reduced the number of data points since 
many samples from unproductive waters had fewer than 500 individuals. 
 
We also estimated the expected number of species by using the 
shareholder quorum sub-sampling (SQS) method (Alroy 2010b). More 
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diverse samples need more individuals to detect a similar proportion of the 
species present in the community, and thus a non-uniform sampling. SQS 
calculates the expected number of species by sampling a given, fixed 
coverage of the underlying SAD, where coverage is the sum of the 
frequencies of the species sampled. We sampled 80% of the SAD for each 
community (0.8 quorum subsampling) after eliminating the most dominant 
taxa. Rarefaction and SQS routines were performed using the R functions 
rarefy and sqs, respectively (R Core Team 2013). 
 
II.2.5 SADs 
We plotted the number of species per class of abundance for communities 
of coastal upwelling and the open ocean, subtropical gyres. Classes of 
abundance were represented as true doubling classes, with each successive 
octave containing twice the number of individuals as the preceding one. We 
used probability distributions for discrete, random samples of individuals 
from the logseries and the poisson lognormal distribution (Pielou 1969, 
Bulmer 1974, Connolly et al. 2005, Dornelas & Connolly 2008), using the R 
functions nlimb and optim (R Core Team 2013). The best fit distribution was 
selected using Akaike’s information criterion (AIC), defined as: 
 
               )),       (Eq. 2.2) 
 
where k is the number of parameters in the model and L is the maximized 
value of the likelihood function for the estimated model. Hence, AIC 
describes the trade-off between model complexity (k) and accuracy (L), so 
the model with the lowest AIC is the most parsimonious model with the 
minimum loss of information (Burnham & Anderson 2002). The values 
predicted were plotted as described above for observed data. The 
observation that abundance data fit to a logseries or a poisson lognormal 
distribution can be the result of insufficient sampling effort from an 
approximately lognormal distribution, or may indicate that the true 
underlying distribution is not lognormal. 
 
 
II.3 Results 
The compilation of estimates of phytoplankton species richness does not 
support a hump-shaped PDR (Fig. 2.1, A). Rather, our analysis of raw data 
shows that in some instances the number of species increased with the 
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biomass of the community. Similar results were obtained by using Chao1, 
which adds a term based on the number of species represented by only 1 
and 2 individuals (Fig. 2.1, B).  
 
 
Fig. 2.1 (A) Raw estimates 
(Sobs) of phytoplankton 
species numbers from the 
Ría de Vigo, the Atlantic 
Iberian shelf, the English 
Channel and the open 
ocean, plotted against 
phytoplankton carbon 
biomass. Each data point 
represents an individual 
community. (B) Estimates 
of species richness (using 
the same dataset as in 
panel A) based on the non-
parametric estimator 
Chao1 (SChao1). 
 
 
 
 
 
 
 
 
However, samples with high biomass concentration often contain larger 
population densities, and therefore, for a given volume of seawater, the 
sampling effort (i.e. the amount of individuals sampled) increases with the 
biomass of the sample. To circumvent this limitation we constructed 
individual-based rarefaction curves. After standardizing diversity to the 
same number of individuals counted per site, we found no relationship 
between the number of species and the biomass of the community across 
the range of habitats included in the analysis (Pearson’s correlation 
coefficient r = 0.013, p = 0.785; Fig. 2.2, A). Standardizing the sampling effort 
to a fixed coverage of the underlying abundance distribution (the SQS 
method) did not result in any obvious relationship between diversity and 
biomass (r = 0.012, p = 0.79; Fig. 2.2 B). These results support the idea that 
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ecosystem productivity (if biomass is used as a surrogate for productivity) is 
a poor predictor of marine phytoplankton species richness. 
 
 
 
Fig. 2.2 (A) Sampling-
standardized (rarefied) 
estimates of species richness 
(Sraref) plotted against 
phytoplankton carbon biomass. 
(B) Estimates of species 
richness produced by the 
shareholder quorum 
subsampling (SQS) method 
(SSQS), in which a given 
proportion (0.8) of the species-
abundance distribution is 
sampled on each individual 
community. 
 
 
 
 
 
 
 
Our analyses suggest that phytoplankton communities were undersampled 
more severely in ecosystems of low productivity. To further test this 
possibility, we analyzed the SAD of communities in environments of 
contrasting productivity such as coastal upwelling and the open ocean, 
subtropical gyres. In productive waters, phytoplankton communities 
exhibited a bimodal distribution, with higher diversities clustered around 
species of intermediate and low abundance (Fig. 2.3, A, bars). In contrast, 
the SAD from subtropical communities tended to be lognormal in shape but 
truncated on the left (Fig. 2.3, A, red line, and Table 2.1), which has long 
been interpreted to arise from insufficient sampling effort and incomplete 
censuses (Preston 1948). In the subtropics, phytoplankton species attain 
extremely low population densities, which make their scrutiny under 
conventional sampling methods difficult. Conversely, as an ecosystem’s 
productivity increases, the SAD moves towards classes of higher abundance, 
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species are more easily scrutinized, and hence the genuine distribution 
emerges across what Preston called the ‘veil line’ (Preston 1948, p. 262). 
 
 
Fig. 2.3 (A) Mean number of species 
observed in each abundance class for 
communities of coastal upwelling in 
the Ría de Vigo (bars, n = 19) and 
mean number of species predicted 
based on independent maximum-
likelihood fits of the logseries and 
poisson lognormal distributions to 
abundance data of subtropical 
communities (red lines, n = 44; see 
Table 2.1). Error bars are 95% 
confidence limits on mean number of 
species. The observation that 
subtropical data (red lines) fit to a 
Poisson lognormal distribution is 
indicative of insufficient sampling 
effort. (B) Unveiling the species-
abundance distribution of natural 
communities in the Ría de Vigo. Bars 
represent the number of species in 
classes of abundance obtained by 
pooling 10 conventional 50 ml 
seawater samples to amount to a 
volume of 500 ml. Red lines are the 
mean number of species predicted 
based on maximum-likelihood fits to 
abundance data obtained from 
conventional samples (n = 10). 
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Table 2.1 Comparison of the fit of the logseries and Poisson lognormal distribution to 
abundance data of subtropical phytoplankton communities. Only data from samples 
collected at surface were used in these analyses. 
α MLL AIC Mean Sigma MLL AIC
1 272 37.9° N 5.38 151.1 304.2 1.26 2.61 149.1 302.3
1 273 33.5° N 5.74 142.7 287.3 4.18 2.25 141.4 286.7
1 275 27.3° N 5.17 121.8 245.5 2.77 2.33 122.3 248.5
1 278 13° N 5.10 98.9 199.8 2.16 2.34 98.5 201.1
1 279 9.3° N 5.17 106.2 214.4 2.22 2.30 105.3 214.6
1 280 5.3° N 6.48 106.1 214.2 3.35 2.58 104.2 212.4
1 281 1.3° N 5.36 121.4 244.8 3.23 2.15 119.7 243.5
1 282 3° S 5.35 118.4 238.7 0.50 3.00 116.9 237.8
1 283 7° S 5.30 122.9 247.7 2.52 2.25 121.2 246.4
1 284 11.5° S 5.81 121.3 244.6 3.53 2.37 120.2 244.4
1 285 15.5° S 5.81 91.7 185.3 15.11 1.72 90.4 184.7
1 286 19.6° S 5.35 129.7 261.3 2.69 2.49 130.6 265.2
1 287 23.8° S 6.44 125.5 252.9 3.74 2.25 122.3 248.6
1 288 27.1° S 5.41 130.7 263.4 2.13 2.05 124.9 253.7
2 122 30.3° S 4.11 94.2 190.5 5.73 1.38 93.2 190.4
2 123 27.61° S 6.90 114.4 230.8 12.29 2.09 112.0 227.9
2 124 24.35° S 6.28 118.9 239.8 4.91 2.30 116.7 237.5
2 125 19.9° S 5.17 74.8 151.6 5.64 2.05 75.4 154.7
2 126 15.16° S 5.60 88.2 178.4 2.24 2.26 85.7 175.4
2 127 11.25° S 3.40 49.3 100.6 0.14 2.73 49.5 103.0
2 128 7.48° S 5.74 122.4 246.8 7.01 2.00 121.0 246.1
2 129 3.91° S 6.71 89.3 180.7 3.04 2.42 85.9 175.7
2 130 0.18° S 6.11 113.4 228.9 4.77 2.05 109.6 223.2
2 131 3.4° N 4.24 74.1 150.3 8.88 1.14 71.8 147.5
2 132 7.53° N 6.51 113.4 228.7 7.23 2.39 112.6 229.2
2 136 26.53° N 5.55 122.4 246.8 10.85 1.77 121.3 246.5
2 137 30.92° N 5.36 136.3 274.6 4.45 2.18 136.3 276.6
2 138 35.66° N 6.20 175.4 352.9 5.02 2.45 174.6 353.3
3 271 34.03° N 7.31 149.0 300.0 1.82 3.03 144.7 293.4
3 272 29.5° N 5.95 146.2 294.4 1.48 2.63 142.3 288.6
3 273 24.66° N 6.49 205.7 413.4 6.44 2.26 201.9 407.9
3 276 12.76° N 9.80 174.5 351.0 0.58 3.92 164.5 333.0
3 277 9.053° N 5.22 113.3 228.5 6.46 1.95 113.6 231.1
3 278 5.17° N 6.46 160.5 323.1 6.73 2.02 155.1 314.1
3 279 1.29° N 6.77 179.6 361.1 10.26 2.14 175.9 355.8
3 280 2.38° S 6.52 158.2 318.4 0.66 3.26 154.6 313.2
3 281 6.48° S 5.36 128.4 258.8 5.10 2.07 127.9 259.9
3 282 10.77° S 6.53 127.7 257.5 2.39 2.63 124.3 252.6
3 283 15.21° S 6.34 122.4 246.7 7.33 2.09 119.8 243.5
3 284 18.86° S 6.56 115.4 232.9 8.31 2.38 115.1 234.2
3 285 22.93° S 7.10 157.9 317.8 0.19 3.72 151.2 306.4
3 286 26.61° S 7.20 144.4 290.8 4.93 2.51 140.3 284.5
3 287 29.85° S 7.42 131.4 264.9 0.17 3.75 128.3 260.6
3 288 32.8° S 6.71 141.4 284.8 3.51 2.73 139.8 283.5
Logseries poisson lognormal
AMT
Station 
number
Latitude
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(Continued from Table 2.1) AMT: Atlantic Merdional Transect, MLL: log-likelihood at the 
maximum likelihood stimate, AIC: Ak ike’  inf rm ti n criteri n. B ld v lue  den te t e 
model selected based on the AIC. 
 
The lack of correlation between diversity and biomass observed with the 
sample-based (fine-grain) data does not rule out the possibility of such 
correlation at a coarser scale. To explore this possibility, we repeated the 
rarefaction analyses after pooling together samples from regions of 
comparable productivity. Our analysis of data included low- and high-
productivity regions along the AMT tracks, a mesotrophic station in the 
English Channel and a high-productivity coastal station in the Ría de Vigo. 
The sampling-standardized estimates of species richness did not show any 
obvious correlation with the average biomass of each region (Fig. 2.4). 
Species richness exhibited a decline with biomass across oligo and 
mesotrophic ecosystems, but increased again in the Ría de Vigo, the most 
productive ecosystem in our dataset. Although the scarcity of datasets 
limited the interpretation of the results, a priori, our analysis does not 
support the unimodal pattern between regional diversity and biomass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4 Sampling-standardized estimates of regional species richness plotted against the 
average carbon biomass of each oceanic region. Error bars are ±1 SD. The datasets used 
included low and high productivity regions along the Atlantic Meridional Transect tracks 
(AMTlow; AMThigh), a mesotrophic station in the English Channel (L4) and a high productivity 
coastal station in the Ría de Vigo (NW Iberian Peninsula). 
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II.4 Discussion 
A major issue with current estimates of microbial diversity is that sample 
sizes are smaller than the size of the communities (Woodcock et al. 2006). 
Systematic undersampling might have hampered the ability to correctly 
identify the spatial and temporal dynamics of microbial diversity and, more 
importantly, the underlying mechanisms (Azovsky & Mazei 2013). This could 
mislead the interpretation of the relationship between productivity and 
diversity in marine phytoplankton. Traditionally, competitive mechanisms 
have been put forward to explain the response of phytoplankton diversity to 
changes in resource availability (Tilman 1982, Interlandi & Kilham 2001). 
However, our analyses suggest a different view. Enhanced rates of resource 
supply and thus productivity usually lead to increased densities of certain 
populations (Fig. 2.3, A). This is consistent with the observation that, for a 
given cell size, population densities increase over 2 orders of magnitude 
from subtropical waters to coastal upwelling systems (Cermeño et al. 
2008b). Yet, changes in the rate of resource supply had no apparent effect 
on our sampling-standardized estimates of species richness (Fig. 2.2, A,B), 
which seem to be insensitive to changes in productivity. These results 
support the idea that processes operating at regional scales, such as 
dispersal, override the importance of local factors such as competition for 
resources (Hillebrand & Azovsky 2001, Fenchel & Finlay 2004), flattening the 
patterns of diversity of eukaryotic microorganisms across the ocean. Closed 
communities are predicted to achieve a steady-state number of species 
equal to the total number of limiting resources within the system (Tilman 
1982). Contrary to theory, field observations indicate that natural 
communities contain many more species than those predicted by 
competition models (Hutchinson 1961). To explain this apparent paradox, a 
number of mechanisms have been proposed, including the influence of 
environmental variability, chaotic fluctuations of population numbers 
(Huisman & Weissing 1999), the production of growth-inhibiting 
compounds (Roy & Chattopadhyay 2007), variable resource supplies 
(Cermeño et al. 2011) or food web complexity (Worm et al. 2002). Recent 
observations indicate that microbial plankton communities contain a large 
pool of species with low population densities (Sogin et al. 2006, Caron & 
Countway 2009). Yet, their occurrence has been systematically overlooked 
with traditional sampling methods. We suspect that mechanisms 
responsible for maintaining this pool of rare species, such as dispersal of 
individuals, recurrent habitat re-colonization or selective grazing, exert 
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strong control on local species richness and might influence the relationship 
between diversity and productivity. 
 
Our data analyses do not support the idea that phytoplankton diversity 
peaks at intermediate levels of community biomass. We have shown that 
previous estimates of phytoplankton species richness are biased by 
insufficient sampling effort, which explains the low diversity observed in 
unproductive ocean ecosystems, where the effects of undersampling are 
more severe. But why should species richness be low in ecosystems of high 
productivity? A priori, undersampling should not be a major issue in 
productive waters, where population densities are expected to be high. 
However, in many instances a large proportion of community biomass is 
accounted for by a few dominant species that exploit available resources 
and proliferate. We suggest that, as in unproductive ocean ecosystems, 
conventional sampling methods limit the scrutiny of species with low 
population densities, thereby producing low estimates of species richness. 
The use of biomass as a surrogate for productivity may be problematic to 
establish the mechanisms underlying the relationship between diversity and 
productivity. The biomass of phytoplankton communities is the result of 
gain processes such as cell growth/division, and losses such as natural 
mortality, sinking or grazing. The extent to which these processes influence 
the diversity of phytoplankton communities is poorly understood and limits 
our ability to establish mechanisms from patterns. For example, a recent 
study shows that the relationship between diversity and productivity 
vanishes when phytoplankton biomass is controlled by algal consumers 
(Hillebrand & Lehmpfuhl 2011). Grazing pressures depress the biomass and 
richness of phytoplankton communities, affecting their relationship with 
productivity. In addition to the rate of resource supply, the resource 
stoichiometry also influences the level of species coexistence. A previous 
study conducted on stream communities suggests that diversity increases 
when the input ratio of resources approximates to the optimal 
requirements of primary producers (Cardinale et al. 2009). Subsequent 
analyses have shown that the diversity of phytoplankton communities has a 
significant effect on the rate of biomass production, indicating that resource 
use efficiency is driven by species richness (Ptacnik et al. 2008). 
 
Finally, events of biomass accumulation such as phytoplankton blooms 
usually exhibit decreasing rates of carbon fixation. This is a common feature 
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of post-bloom stages as inorganic nutrients in the bulk media become 
depleted and intracellular quotas decrease, which further complicates 
searching for a causal correlation among biomass, productivity and 
diversity. Thus, mechanisms such as top-down controls, resource 
stoichiometry or temporal lags in phytoplankton growth might contribute to 
shape the relationship between diversity and productivity. Yet, to 
adequately investigate the role of these mechanisms in nature, it is essential 
to obtain unbiased estimates of species richness, which are currently 
affected by sampling deficiencies. Finally, the scale of analysis might 
dominate the shape of the relationship between diversity and productivity 
(Chase & Leibold 2002). Our analysis points to a higher number of species in 
the eutrophic coastal ecosystem of the Ría de Vigo even after sampling 
standardization (Fig. 2.4). This might be the result of higher phytoplankton 
growth rates and thus a higher propensity for temporal variations in local 
species richness, or a higher probability of receiving immigrants from 
ecosystems containing high standing stocks. Coastal ecosystems typically 
exhibit a high degree of environmental heterogeneity which facilitates the 
succession of species and increases the dissimilarity between communities. 
Indeed, the Ría de Vigo is a highly dynamic coastal ecosystem influenced by 
events such as spring/summer upwelling and autumn/winter downwelling 
that almost certainly contribute to increase the hydrographic variability and 
hence the regional pool of species. 
 
We have shown that conventional sampling methods can lead to biased 
estimates of marine phytoplankton species richness. Systematic 
undersampling has probably distorted the patterns of diversity reported 
previously, which highlights the need for building species−sample size 
curves to adequately compare the diversity of these microbial communities 
across space and through time. This will require additional efforts to 
scrutinize species with low population abundances by increasing the 
number of samples analyzed or the volume of seawater considered (e.g. 
examining plankton net samples). Our analysis suggests that our current 
perception of phytoplankton PDRs in the ocean is the result of a sampling 
artefact. Thus, contrary to widespread perception, these 2 variables might 
not be related mechanistically. If so, these results can have significant 
implications for understanding the dynamics of phytoplankton diversity 
under different environmental or climatic scenarios. For example, if ocean 
warming reduces nutrient renewal and primary production, individual 
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species will decrease their population densities with important 
consequences for the functioning of marine food webs and ocean 
biogeochemistry. Yet, our analysis suggests that these environmentally-
driven changes in ocean primary production will have little impact on the 
patterns of local species richness. 
 
 
  
Chapter III 
 
Conventional sampling protocols 
severely underestimate 
phytoplankton species richness 
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Summary 
Conventional methods for the estimation of marine phytoplankton diversity 
include the collection of a small volume of seawater which is analyzed under 
the microscope. We sampled natural communities and also synthetic 
communities generated under a neutral community model configuration 
and demonstrate that traditional sampling methods underestimate the 
species richness of marine phytoplankton communities. In our model, a 
synthetic community represents an ensemble of individuals enclosed in a 
parcel of seawater wherein the dynamics of each population is controlled by 
demographic stochasticity (drift) and dispersal. By sampling these synthetic 
communities, we found that roughly 20-45% of the species is missed by 
conventional, small volume samples. Consistent with the simulations, field 
data showed that the number of species increases with sampling effort by 
up to ~1.5-fold, revealing that these microbial communities might be more 
diverse than previously estimated. We suggest that conventional sampling 
methods have limited our ability to delineate the patterns of marine 
phytoplankton diversity and identify the underlying mechanisms. Improved 
sampling methods are proposed to obtain more accurate estimates of 
marine phytoplankton diversity. 
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III.1 Introduction 
The statistical concept of ‘sample’ is referred to an estimate of a large body 
of information (Sournia 1978), such as a group of organisms that make up 
an ecological community. The main objective of any sampling design is to 
achieve the maximum of information about the original source while 
minimizing the sampling effort. To do so, ecologists have developed 
analytical methods, such as species-accumulation curves and rarefaction 
analyses, which permit inferring the minimum sample size needed to obtain 
accurate estimates of community diversity. However, these methods have 
been rarely applied by microplankton ecologists. Conventional sampling 
protocols for the characterization of marine phytoplankton communities 
consist of collecting a small volume of seawater which is analyzed under the 
microscope for species identification and cell counting (Lund et al. 1958, 
Sournia 1978). For example, the settling technique defined by Utermöhl in 
the late fifties allows recording details of phytoplankton communities by 
settling a subsample of 5-100 mL for 24–48 h (Utermöhl 1958). This 
technique is routinely used to characterize the taxonomic structure and 
biomass of phytoplankton communities. However, the extent to which 
these sampling volumes suffice to characterize the diversity of microbial 
communities remains largely untested. 
 
Recent observations that microbial plankton communities include a large 
pool of species with low population abundances are changing our view of 
how these microbial species assemble into communities (Hughes et al. 
2001, Pedrós-Alió 2006, Fuhrman 2009). These studies suggest that a few 
dominant taxa form the bulk of microbial community biomass and energy 
flow, whereas many rare species account for high local diversities. This is a 
general pattern in species abundance distribution (SAD) for almost every 
type of biological community (McGill et al. 2007). Determining the total 
amount of rare species within microbial plankton communities is essential 
to obtain accurate estimates of species richness. However, owing to their 
low population abundances, their occurrence might have been 
systematically overlooked with traditional sampling protocols. 
 
A major issue with our current estimates of microbial diversity is that 
sample sizes are much smaller than the size of the communities (Woodcock 
et al. 2006). In nature, each individual organism experiences the 
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environment on its own unique suite of spatial and temporal scales (Levin 
1992). As drifting organisms, planktonic microorganisms live in constant 
motion, which limits our ability to define the spatial boundaries of their 
communities and the extent to which these boundaries change in response 
to environmental perturbations. This is particularly important to microbial 
plankton communities, which are composed of populations of individuals 
with enormous dispersal ranges (Finlay 2002, Cermeño & Falkowski 2009, 
Caron & Countway 2009). Furthermore, phytoplankton growth rates are in 
the range 0.1-1 per day (Marañón 2005). As a result of the short generation 
times, as well as the high frequency of environmental reset (Sommer 1985, 
Dolan 2005b), the entire community turns over in the order of days to 
weeks, giving rise to highly dynamic communities in terms of individual 
abundance, species richness and taxonomic composition.  
 
The metacommunity concept, a network of assemblages mutually 
interconnected through individuals’ dispersal, provides an excellent 
framework to face these questions (Gilpin & Hanski 1991, Wilson 1992, 
Vergnon et al. 2009). By sampling a synthetic pool of species, we can 
explore aspects of the sampling process itself, such as the effect of 
increasing the sample size on the estimates of species richness, the ‘unveil’ 
of rare species (Preston 1948), or the effect of the spatial distribution of 
individuals in the detection of species. To the best of our knowledge, only a 
few works have used this conceptual framework to study the dynamics and 
functioning of marine phytoplankton communities (Vergnon et al. 2009, 
Segura et al. 2011, Chust et al. 2013). However, none of these studies tested 
the effect of sample size on the observed species richness.  
 
Our objective was to quantify the extent to which traditional sampling 
methods underestimate the number of species of marine phytoplankton 
communities. To do so, we used two different approaches. First, we 
sampled natural phytoplankton communities and constructed species-
accumulation curves by increasing the number of individuals sampled. 
Typically, the result is a curve that increases steeply at first, and then 
gradually levels off. The point at which the curve becomes asymptotic 
defines the so called optimal sample size, an essential parameter to 
adequately characterize a community and thus to obtain meaningful 
estimates of species richness. Second, we constructed synthetic 
communities (i.e. a suite of assemblages enclosed in a parcel of seawater 
Underestimation of diversity  
48 
 
and connected through the dispersal of individuals) and tested the effect of 
sample size on the number of species observed under different dispersal 
scenarios. Changes in the dispersal parameter provide a means to explore 
the extent to which specific features of the spatial distribution of 
individuals, such as cell aggregation, patchiness (Montagnes et al. 1999) or 
the presence of chain-forming species, influence the estimates of species 
richness. For instance, oceanic turbulence tends to homogenize microbial 
plankton populations in space and through time and hence, for a given 
number of individuals sampled, the number of species encountered is 
expected to increase (Margalef 1974). Both approaches indicated that 
marine phytoplankton communities are severely undersampled by applying 
conventional sampling protocols. We show that the main cause of 
underestimation is associated with a systematic undersampling of rare 
species, which indeed contribute to a large fraction of the species richness 
in marine phytoplankton communities. 
 
 
III.2 Methods 
III.2.1 Sampling and microscopy analyses 
Sampling of natural communities was conducted on board R/V Mytilus at a 
fixed station located in the Ría de Vigo (NW Iberian Peninsula, 42º 14.09’ N, 
8º 47.18’ W) on February 14th 2012 (S1) and March 30th 2012 (S2). Seawater 
samples were collected at 3 (subsurface), 10, 20, 30 and 40 m depth using 
metal-clean Niskin bottles (12 L). Two 250-mL replicates were filtered 
through 0.2 µm pore size polycarbonate filters and stored at -80 ºC until 
further analysis. Pigment extraction was carried out in 90% acetone at -20°C 
overnight. Total chlorophyll a (Chl a) concentration was determined using a 
Turner Designs 7000-000 Fluorometer, calibrated with pure Chl a (Sigma). 
From subsurface samples, 2-L subsamples were fixed with 1% final 
concentration Lugol’s iodine solution. Finally, 10 replicate subsamples of 50- 
and 5-mL each from S1 and S2, respectively, were examined under the 
microscope following the Utermöhl technique (Utermöhl 1958). The volume 
of seawater for sedimentation was chosen according to the Chl a 
concentration of the sample, following conventional criteria (Lund et al. 
1958, Sournia 1978). 
 
We counted and identified cells to species level using an inverted 
microscope (Nikon Eclipse TE2000-S). For rare species (low population 
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abundances), we examined the entire plate to count and identify every 
single cell. For common and dominant species (high population abundances) 
we selected one transect at random in the plate to count individuals and 
identify species. Then, assuming a spatially homogeneous distribution of 
organisms in the sedimentation chamber and knowing the dimensions of 
the plate as well as the total volume settled, we extrapolate to obtain the 
total number of individuals per species in the total volume settled. 
Unknown species were classified according to morphological descriptions, 
for example ‘Medium-sized, dark, thecate dinoflagellate’. This nomenclature 
was consistent throughout the study. All the replicate subsamples were 
collected from the same sampling device (Niskin bottle). Hence, the total 
volume of sample inspected was 500 and 50 mL for S1 and S2 (pooled 
samples), respectively. Species were labelled according to their relative 
numerical abundance as rare (<1% of the total abundance), common (10-
50%) and dominant (>50%).  
 
III.2.2 The neutral community configuration 
III.2.2.1 Model description 
A neutral community model based on previous configurations (Bell 2000, 
Kadmon & Benjamini 2006) was implemented to test the effect of sampling 
effort on the estimates of species richness of marine phytoplankton 
communities. In our model, a synthetic community represents an ensemble 
of individuals enclosed in a parcel of seawater, wherein the dynamics of 
each population is regulated by demographic stochasticity and dispersal. 
Each synthetic community is defined by a total number of individuals, JM, 
and a total number of species, SM, and is divided into a suite of 
compartments mutually interconnected through individuals’ dispersal (Fig. 
3.1). Each compartment contains a given number of individuals, JL, and 
species, SL. A Monte Carlo stochastic computer program iterates the 
probabilities of reproduction, r (cell division), death (d), and dispersal 
(immigration, m, and emigration, e) to simulate the dynamics of the 
populations within each compartment. The model is set up with a maximum 
number of individuals in the compartment or carrying capacity, K, and the 
total number of species in the source pool, SM. At each time-step, the loss 
processes give rise to loss of individuals randomly selected. The vacant sites 
are filled in with new individuals entering the compartment via reproduction 
and immigration. After iterating all these processes, if community size, JL 
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exceeds the carrying capacity, K, then the model eliminates at random the 
excess of individuals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Schematic representation of the neutral community model. The dynamics of 
populations is explained by demographic stochasticity (drift) and dispersal processes. The 
synthetic community is divided into several compartments interconnected through the 
dispersal of individuals. JM is the total number of individuals and SM is the total number of 
species in the synthetic pool. SL and JL are the number of species and the number of 
individuals within a given compartment, respectively. Death (d), reproduction (r) and 
dispersal (immigration, m, and emigration, e) probabilities control the dynamics of the 
populations. Neutrality means that all the species are ecologically equivalent, such that 
these probabilities apply randomly to all the individuals regardless of their taxonomic 
affiliation. 
 
Our neutral community model is grounded on several assumptions: i) every 
individual in the community is competitively identical regardless of its 
identity. The probabilities that define population dynamics (reproduction, r, 
death, d, immigration, m, and emigration, e) are equally applied to every 
individual per time step; ii) the synthetic community of species is composed 
by a constant number of cells (JM) homogeneously distributed in space, so 
that each individual is equally likely to become an immigrant at any 
compartment regardless of its position within the synthetic pool; iii) the 
temporal scale of the model (one time-step is one hour) is short enough to 
discard speciation and extinction processes, so that the number of species 
in the synthetic community, SM, is constant; iv) immigration and emigration 
(dispersal) probabilities are equal in magnitude but opposite in terms of the 
exchange of individuals to/from a given compartment; and finally v) 
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dispersal processes operate on time scales shorter (hours, time enough for 
all the cells to travel throughout the parcel of seawater containing the pool 
of species) than reproduction and death (days). 
 
III.2.2.2 Model parameterization 
III.2.2.2.1 Synthetic communities 
Each synthetic community is defined by the parameters SM, the maximum 
number of species, and JM, the maximum number of individuals. 
 
To determine SM we used two different approaches: 1) Curve-fitting 
methods, which fit a hyperbolic function (Eq. 3.1) to the species-
accumulation curve obtained from field data (Soberón & Llorente 1993, 
Colwell et al. 2004): 
                          ,     (Eq. 3.1) 
where Sobs is the number of species observed for the number of individuals 
in the sample, N; Ks is the sampling effort (number of individuals) for which 
50% of the species are detected; and Smax represents the maximum 
expected number of species in the complete pool; 2) Non-parametric 
estimators, based on the frequency of rare species in a collection of 
samples. The function specpool from the package vegan (Oksanen et al. 
2013) in R (R Core Team 2013), computes several non-parametric 
estimators that predict the number of undetected or unseen species 
(Palmer 1990, Colwell & Coddington 1994). The numbers of species 
predicted are shown in Table 3.1. For our model simulations we used the 
(intermediate) values retrieved from the estimator Jack1. Using other 
estimators would not change the results obtained. 
 
The parameters that define the species abundance distribution (SAD) of 
each synthetic community were estimated from field data (pooled samples). 
To do this, the total abundance per species was plotted on a log2 (octave) 
scale (Gray et al. 2006). Then, we estimated the parameters of the poisson 
lognormal distribution (PLN) fitted to field data (Fig. 3.2) by numerical 
maximum likelihood methods, using the functions nlminb and optim in R (R 
Core Team 2013) [code from (Dornelas & Connolly 2008)]. 
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Table 3.1 Number of species in the synthetic communities estimated from pooled 
subsamples. Sobs is the observed species richness; Hyperb. is the number of species 
predicted by fitting a hyperbolic function (Eq. 3.1) to the species-accumulation curves 
generated from field data; Chao1 (Chao, 1987), Jack1, Jack2 and Boots (Palmer, 1990) are 
the expected numbers of species calculated by Chao1, first-order Jackknife, second-order 
Jackknife and a Bootstrap non-parametric estimators, respectively. se is the standard error 
(not available for Jack2), and n is the number of subsamples. 
 
Fig. 3.2 Species-abundance distributions generated from pooled field data for (A) S1 and (B) 
S2. Black lines represent the poisson lognormal distributions fitted to data. 
 
Because the underlying distribution is lognormal, the probability distribution 
   for each abundance r, or the probability that an observed species is 
represented by r individuals in a sample, was defined as:  
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where m is the centrality parameter (i.e., ln(m) is the mode of the 
underlying distribution of log-abundance) and    is the variance of log-
Sobs Hyperb. Chao1 se Chao1 Jack1 se Jack1 Jack2 Boots se Boots n
S1 91 100.600 99.654 5.864 104.500 5.809 107.256 97.932 3.478 10
S2 73 78.900 95.563 13.906 90.100 7.042 99.611 80.641 3.502 10
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abundance for the underlying lognormal abundance distribution (Pielou 
1969). Equation 3.2 was used for small r. For large r (>30), we used Bulmer’s 
approximation (Bulmer 1974): 
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The PLN is a random sampling model for the lognormal distribution. It is a 
compound distribution in which the poisson sampling intensity, λ, varies 
among species according to a lognormal distribution. A variation in sampling 
intensity (number of individuals sampled) with respect to the original 
sample generates a proportional change in the mean (m), while the 
standard deviation (σ) remains constant because the variance (σ2) is 
independent of λ (Connolly et al. 2009).  
 
Using the parameters of the SAD defined above, we constructed the 
synthetic communities by defining pools of 106 - 107 individuals (JM). The 
upper limit of the number of individuals was constrained by computational 
capacities. Assuming a mean abundance of microphytoplankton in the Ría 
de Vigo of ~100 individuals per mL (Cermeño & Figueiras 2008), our 
synthetic communities would be enclosed within a 10-100 L water parcel. 
 
In summary, the individuals contained within each synthetic community, JM, 
were distributed among species, SM, following a SAD similar to that built 
from field data at each sampling event. 
 
III.2.2.2.2 Compartments 
In order to explore the effect of sample size on the estimates of species 
richness, we simulated different sampling efforts, as well as different 
dispersal scenarios which recreate conditions of complete mixing (full 
dispersal) and spatial segregation (lower dispersal levels) of individuals. 
 
The assemblage of individuals contained within a given compartment was 
simulated by drawing JL individuals from the synthetic community described 
above. The dynamics of the community within a compartment and its final 
taxonomic composition was determined by the stochastic iteration of 4 
probabilities. Dispersal processes were defined by the parameters m and e. 
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The values for reproduction (r) and mortality (d) probabilities were kept 
constant because they are expected to remain invariable in the short 
temporal scale of the model. They were defined as r = d = 0.02083 per time 
step, 1 hour, equivalent to 0.5 per day. These values are within the range of 
growth and mortality rates reported for natural assemblages at temperate, 
coastal regions (Marañón et al. 2000, Calbet & Landry 2004). Hence, for a 
given sample size, the differences in the species composition of the 
compartments were mainly due to differences in dispersal limitation and 
therefore, in the spatial distribution of the individuals. Different dispersal 
scenarios were simulated with the aim of determining the potential effect of 
patchiness and cell aggregation on the detection of species. We set up 
different dispersal probabilities (0.0005, 0.005, 0.01, 0.25 and 1). For 
instance, a migration probability of 1 (m = e = 1) means no dispersal 
limitation, such that every individual in the synthetic community can arrive 
into any compartment and any individual within the compartment can go 
out per time-step, which simulates a spatially homogeneous distribution of 
individuals. Increased sampling effort was simulated by rising the numbers 
of individuals sampled, JL. For ensuring the stabilization of the simulations, 
the results were saved after 500 community turnovers (1000 time-steps). 
For each model configuration, results were averaged from n = 100 
simulations, each one sampled from a replicate (using the same 
parameterization) but independent synthetic community. 
 
The model was written in R (R Core Team 2013). 
 
III.2.3 Data analyses 
III.2.3.1 Species-accumulation curves 
We constructed species-accumulation curves using data obtained from 
samples collected in the field and by sampling synthetic communities 
derived from the neutral model configuration. Species-accumulation curves 
show the cumulative number of species as sampling effort increases (Gotelli 
& Colwell 2001). The first point in the curve is defined as the mean number 
of individuals (axis x) and species (axis y) encountered when only one 
sample is considered. The second point results from averaging the number 
of individuals and species when the number of samples taken is 2 (i.e., every 
possible pair of subsamples pooled together), and so on.  
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The resulting data of number of individuals and species richness were then 
represented on semi-log scale (Ugland et al. 2003, Gray et al. 2004), 
 
S = c + z log N         (Eq. 3.4) 
 
where S is the number of species, N is the sampling effort in terms of 
number of individuals; c is a coefficient (intercept), and z (slope), the scaling 
parameter, measures the rate at which we find new species with increasing 
sampling effort. The data were fitted to a linear regression model, using 
reduced major axis regression analysis (model II) given that both variables, x 
and y, were measured systematically with error.  
 
III.2.3.2 Similarity indices 
Undersampling of rare species may lead to differences in community 
composition among replicates (subsamples). To explore this possibility, we 
calculated the dissimilarity among subsamples as a proxy of the precision of 
the method. Furthermore, the dissimilarity between each individual 
subsample and the corresponding pooled sample was used as a measure of 
accuracy. We computed three different indices of community (dis)similarity. 
The Jaccard index, a measure of the similarity between samples j and k, is 
defined as Jaccard (1901), Chao et al. (2006), 
 
    =           ,       (Eq. 3.5) 
 
where a is the number of species present in both samples j and k, b is the 
number of species present in sample j but absent in k, and c is the number 
of species present in sample k but absent from j. This index emphasizes 
compositional changes. The Sørensen index, based on the Jaccard index, is 
computed as Chao et al. (2005), 
 
                    ,     (Eq. 3.6) 
 
and gives double weight to shared species among samples (Sørensen 1948, 
Chao et al. 2006). We represented their reciprocal (1-Jjk and 1-Søjk) to obtain 
dissimilarity values. Finally, the Bray-Curtis index of dissimilarity, which takes 
the relative abundance of species into account, is defined as Bray & Curtis 
(1957), 
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         i   i         i    i  ,     (Eq. 3.7) 
 
where nij and nik are the numbers of individuals of the species i in the 
samples j and k, respectively. In all cases, a dissimilarity value equal to 1 
means that no species are shared between the pair of samples considered. 
These indices were computed using the functions vegdist in the package 
vegan (Oksanen et al. 2013, R Core Team 2013). 
 
III.2.3.3 Rarefaction analyses 
We performed rarefaction analysis following the methodology described in 
Chapter 2. We distinguished 3 different functional groups: diatoms, 
dinoflagellates and others (mainly ciliates, see Appendix 2). Then, we 
performed rarefaction analyses using the function rarefy in the package 
vegan (Oksanen et al. 2013, R Core Team 2013), by re-sampling individuals 
(each subsample = 20 individuals) without replacement. In this case, we 
represented the expected number of species after sampling a total of n = 
1000 individuals (Sraref). 
 
 
III.3 Results 
A full list of the species identified and the main features of the 
phytoplankton communities analyzed are provided in Appendix 2. 
 
The concentrations of Chl a measured at each sampling depth (3, 10, 20, 30 
and 40 m) were respectively 0.87, 0.92, 0.65, 0.74, and 0.76 mg m-3 for S1, 
and 14.66, 6.59, 10.02, 14.31, and 9.46 76 mg m-3 for S2. Together with the 
analysis of the hydrographic features (data not shown) in the water column, 
they suggested that S1 and S2 were influenced by winter-mixing and spring-
bloom conditions, respectively. 
 
On average, we estimated a total of 3049 ± 739 cells per 50 mL of seawater 
in S1 (~61 cells mL-1), and 7002 ± 969 cells per 5 mL in S2 (~1400 cells mL-1) 
(n = 10 subsamples, each). The mean number of species per subsample was 
48 ± 5 and 39 ± 2 in S1 and S2, respectively. Only 19 species, out of a total of 
91, were common to all the subsamples analyzed from S1. The 
corresponding figures for S2 were 17, out of 73 species. In terms of relative 
abundance, most of the species (62.3 ± 11.7% of the total species richness) 
from S1 were on average rare (Table 3.2), and only a few species (5.8 ± 
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1.6%) were in the range of common taxa. No dominant species were found. 
Similarly, in S2 most of the species fell within the category of rare (65.7 ± 
5.7% on average in subsamples) (Table 3.2), whereas a small fraction were 
in the range of common (9.8 ± 0.8%), and dominant (1.7 ± 1.2%). In both 
instances, the total number of species was significantly correlated with the 
number of rare taxa (Pearson’s correlation coefficient was r = 0.851, P = 
0.002 for S1; and r = 0.905, P-value < 0.001 for S2). After pooling all the 
subsamples together, we found 91 species (30487 individuals sampled) in S1 
and 73 species (70022 individuals) in S2. In S1, 75.8% of the species were 
rare (Table 3.2), and only 2 species, representing 2.2% of the total species 
richness, fell within the category of common. The percentage of rare species 
in S2 increased to 86.3% (Table 3.2). Conversely, the fraction of common 
and dominant species decreased to 2.7% and 1.4% of total species richness, 
respectively. On average, conventional samples missed 48 and 46% of the 
total number of species observed in S1 and S2, respectively. 
 
We further explored the degree of variability of taxonomic composition 
among subsamples by calculating pair-wise dissimilarity indices (Table 3.2). 
All the indices pointed to relatively high levels of dissimilarity. The Sørensen 
index showed a high degree of dissimilarity among subsamples in both S1 
and S2 (~0.74 and ~0.53 on average, respectively). The Jaccard and Bray-
Curtis indices showed slightly lower dissimilarities (~0.56 and ~0.43 for S1 
and ~0.33 and ~0.26 for S2, for the Jaccard and Bray-Curtis, respectively). 
After comparing the subsamples with the corresponding pooled sample 
(Table 3.2), all the indices showed very high levels of dissimilarity (>0.8). 
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Table 3.2 Total numbers of species, percentage of rare species and community dissimilarity 
indices computed from the field data.  
Jac (Jaccard index), Sø (Sørensen index) and B-C (Bray-Curtis index) dissimilarity represent 
the mean of every pair-wise comparison. Pooled values refer to the mean of the comparison 
between each subsample and the corresponding pooled sample. Dissimilarity = 1 means 
that no species are shared between the pair of samples compared. 
 
Fig. 3.3 shows the species-accumulation curves computed from field data, 
and from model simulations at different levels of dispersal. At low sampling 
effort, the number of species observed in the field was close to that 
predicted by the model at low dispersal levels, suggesting that the 
individuals in both natural communities were heterogeneously distributed 
in space. The number of species increased with sampling effort either by 
adding subsamples (field data) or alternatively, by increasing the number of 
individuals sampled from our synthetic communities. These curves fitted to 
a power function such that the number of species increased steeply at first, 
and then gradually levelled off. Our results showed that 20–50% of the total 
number of species was missed by using conventional sampling methods (Fig. 
3.3). The species-accumulation curves generated from field data tended to 
converge with the curves obtained from less crumpled synthetic 
communities (higher dispersal levels) as sampling effort increased. 
 
 
Sample Species % rare Jac Sø B-C Species % rare Jac Sø B-C
1 48 54.17 0.57 0.73 0.45 42 71.43 0.31 0.53 0.25
2 54 62.96 0.55 0.77 0.42 36 72.22 0.29 0.63 0.24
3 48 54.17 0.53 0.79 0.40 36 72.22 0.32 0.53 0.26
4 51 72.55 0.55 0.72 0.42 39 66.67 0.28 0.56 0.23
5 55 72.73 0.52 0.74 0.40 38 71.05 0.34 0.52 0.27
6 51 62.75 0.56 0.70 0.43 36 66.67 0.31 0.55 0.25
7 42 59.52 0.53 0.72 0.41 40 70.00 0.35 0.49 0.27
8 42 64.29 0.63 0.71 0.51 42 71.43 0.33 0.53 0.26
9 45 60.00 0.59 0.73 0.47 42 76.19 0.42 0.50 0.32
10 41 60.98 0.55 0.75 0.43 39 69.23 0.33 0.52 0.26
Pooled 91 75.82 0.90 0.90 0.82 73 86.30 0.90 0.90 0.82
S1 S2
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Fig. 3.3 Species-accumulation curves for (A) S1 and (B) S2 computed from field data (red 
dots) and model simulations at different levels of dispersal (m = immigration and e =  
emigration probabilities; m = e = 1 means no dispersal limitation). Vertical and horizontal 
bars (sometimes not visible due to scale) represent the standard deviation of the number of 
species and the number of individuals identified from field data (n = 10) and model 
simulations (n = 100 simulations per dispersal level and sample size). The number of species 
obtained from conventional sample volumes (subsamples) is also depicted (black stars) with 
comparative purposes. 
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The species-accumulation curves constructed from field data were 
represented on a semilog scale (Fig. 3.4). Then, we fitted a linear regression 
model (model II) to the data. The regression slopes were 43.62 ± 0.71 
(R2=0.99, n=10) for S1, and 34.08 ± 0.68 (R2=0.99, n=10) for S2. The rate at 
which we found new species with increasing sampling effort was 
significantly higher in winter conditions, S1 (Student’s t- test following 
Clar e’s method (Clarke 1980), P<0.001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Semi-log relationships between the cumulative species richness (number of species) 
and sampling effort (number of individuals) for S1 (black dots, winter) and S2 (white dots, 
bloom). 
 
 
Fig. 3.5 shows the rarefaction curves for diatoms, dinoflagellates, and 
others. For a given number of individuals sampled, others and 
dinoflagellates showed the lowest and highest number of different species, 
respectively (Fig. 3.5, upper panels). The rarefied number of species of 
diatoms and others were higher during winter mixing (Fig. 3.5, bottom 
panels). In contrast, dinoflagellates exhibited similar number of species 
regardless of the sampling time, but the curve was less saturated in S2. This 
suggests that the number of species of dinoflagellates is more severely 
underestimated during events of enhanced biomass concentration. 
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Fig. 3.5 Rarefaction curves for different functional groups (DIAT, diatoms; DINO, 
dinoflagellates, and OTHERS, mainly ciliates). Comparison among functional groups (upper 
panels), and between winter mixing (W) and spring-bloom (B) conditions for each group 
(bottom panels). Thin-dotted lines represent the standard error. 
 
 
III.4 Discussion 
Species richness is the simplest and most commonly used index of 
ecological diversity. For decades, terrestrial ecologists have been aware of 
the importance of performing species-accumulation curves and rarefaction 
analyses in order to define the minimum sample size needed to obtain 
accurate and comparable estimates of species richness (Gotelli & Colwell 
2001, Colwell et al. 2004, Chao et al. 2005). Only recently microbial 
ecologists have begun to apply these analytical methods to explore the 
limits of microbial diversity (Hughes et al. 2001, Pedrós-Alió 2006, Sogin et 
al. 2006, Dolan & Stoeck 2011). These studies suggest that a large pool of 
species with low population abundances has been overlooked systematically 
by conventional sampling methods, stressing the need of testing their 
performance and revisiting the patterns of diversity. 
 
By sampling natural communities and synthetic pools of species we have 
shown that conventional sampling methods underestimate considerably the 
species richness of marine phytoplankton communities. Our analyses 
indicate that the main cause of underestimation is related to the failure of 
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traditional methods to sample species with low population abundances. 
Indeed, despite increasing the sample size by 10-fold, our species-
accumulation curves did not reach any clear saturation level, indicating that 
the rarest species remained to be sampled yet. Based on non-parametric 
estimators of species richness such as Jackknife or Chao1, we found that 
roughly 90% of the species were recovered by increasing the sample size, 
whereas only a modest ~50% resulted from applying conventional sampling 
methods.  
 
Rare species have been estimated to comprise >80% of the total pool of 
species in ciliate communities (Foissner et al. 2002). Their occurrence is 
even greater in bacterial assemblages wherein rare species, defined 
according to specific genetic markers, might account for by >90% of the 
total diversity (Sogin et al. 2006, Pedrós-Alió 2006). The strong positive 
correlation between total and rare species observed in our study bears out 
the importance of rare taxa in phytoplankton communities. The systematic 
undersampling of these rare taxa might have biased the understanding of 
important descriptors of marine phytoplankton communities, such as the 
species richness, the size structure, or the species-abundance distributions. 
For instance, our results highlight differences in the degree of species 
underestimation attributable to differences in taxonomic affiliation and cell 
size (Fig. 3.5). Large-sized phytoplankton cells are commonly encountered at 
low population abundances (Huete-Ortega et al. 2010), which could bias 
their detection in previous studies of phytoplankton diversity. 
 
A key point in the definition of any methodological protocol is the accuracy 
in the measurement. In his review about the microdistribution of plankton 
Cassie (1962) poses: “since it is hoped that every plankton sample is 
representative of the population of a very much larger volume of water, the 
range of variation in samples taken within this volume is of importance in 
evaluating the differences between more widely spaced samples”. The 
subsamples analyzed here showed a significant variability in species 
composition despite being collected from the same sampling device. Less 
than 25% of the species were common to every subsample, questioning the 
validity of local α-diversity estimates in studies of community dynamics and 
diversity-productivity relationships. The enormous uncertainty of previous 
estimates of species richness further suggests that the patterns of 
community turnover, β-diversity, which rely on local estimates, should be 
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interpreted cautiously. Several studies have reported increases in 
community dissimilarity with geographic distance for aquatic 
microorganisms (Hillebrand & Azovsky 2001, Chust et al. 2013), which could 
be in part a result of methodological biases in the detection of rare species. 
For instance, dominant taxa in a given location may be rare elsewhere and 
thus undetectable by conventional sampling methods. Besides, species that 
occur in low abundance are less likely to be detected at a given location, 
even if their true distributions are, in fact, widespread (Amend et al. 2013). 
These issues might have resulted into artificially steep distance-decay 
relationships. Increased sampling effort is expected to increase the 
probability of sampling rare species thereby reducing the dissimilarities 
among distant communities. 
 
Species-area relationships depict the total number of species plotted 
against the area of the system. On a log-log scale, the slope of this 
relationship (z) informs about important aspects of species biogeography 
and evolution. Low values of z are indicative of broad dispersal ranges and 
low habitat specificity, whereas steeper slopes imply barriers to dispersal 
and mosaic-like distributions (Smith et al. 2005). Azovsky (2002) reported z 
values of 0.066 for benthic Artic diatoms, Smith et al. (2005) found z values 
of 0.134 for a compilation of phytoplankton data from experimental and 
natural aquatic ecosystems, whereas Hillebrand et al. (2001) reported a 
wide range of z values (~0.1 to ~0.7) for unicellular microalgae, similar to 
those found for multicellular organisms. Assuming a given regional/global 
diversity, an increase in local species richness (e.g. increasing sampling 
effort) would imply lower values of z, given that a larger fraction of the 
regional species pool would be represented locally. This is in agreement 
with the idea that free-living microbial eukaryotes exhibit high local 
diversities, yet their regional/global species numbers are relatively low 
(Finlay 2002, Fenchel & Finlay 2004). Alternatively, Woodcock et al. (2006) 
have suggested the possibility that the effect of undersampling increases 
with the area surveyed. Species-area relationships are built up by pooling 
data obtained from discrete samples. They argue that our ability to detect 
more rare species decreases with increasing the area of the system, which 
might have flattened artificially the species-area relationships reported for 
microbial communities. 
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Low dispersal model configurations allow simulating processes such as 
particle aggregation and patchiness, which limit individuals’ dispersal and 
hence lead to heterogeneous distributions of species. Our results show that 
at low sampling effort the number of species observed in the field was 
lower than those predicted by the model at high dispersal levels 
(homogeneous distribution of organisms), suggesting that the individuals in 
these natural communities were heterogeneously distributed in space. This 
is further supported by the high dissimilarity observed among subsamples 
(Table 3.2). The results of the model serve to illustrate how processes that 
generate heterogeneous distributions of organisms could bias the detection 
of species and hence the estimates of species richness. Our analysis shows 
that this issue is largely solved by increasing the volume of sample analyzed. 
 
The hydrodynamic conditions of the study site influenced the detection of 
species and thus the shape of the species-accumulation curves. The rate at 
which new species were detected with increasing sample size was 
significantly higher in S1 (Fig. 3.4), which was characterized by an intense 
vertical mixing. We propose three potential explanations that, combined or 
individually, might explain this result. First, the arrival of immigrants and 
thus the amount of rare species in the system increases with oceanic 
mixing. Second, turbulent regimes homogenize the distribution of 
individuals in space and hence, for a given number of individuals counted, 
the probability of finding new species increases (Margalef 1978). Third, the 
higher evenness in the community species-abundance distribution, 
characteristic of winter mixing conditions, might further increase the 
likelihood of detecting rare species. This possibility has been proposed by 
Caporaso et al. (2012) for microbial plankton communities in the Western 
English Channel. On the other hand, in stratified systems, phytoplankton 
populations are typically segregated across space and through time and 
thus, to adequately estimate the diversity of these microbial communities, it 
is necessary to increase the sampling effort. Although more data are needed 
to confirm these results, our analyses suggest that a priori the probability of 
detecting new species is a positive function of the turbulence of the system, 
linking the patterns of community structure to the hydrodynamics of the 
water column (Margalef 1974). 
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To adequately characterize the diversity of marine phytoplankton 
communities, traditional sampling methods must be reconsidered. First, the 
observation that a large pool of rare species account for a substantial 
amount of the species richness in marine microbial plankton communities 
implies the necessity of building species-accumulation curves. Rare species 
comprise a critical component of these marine phytoplankton communities 
and their detection requires improved sampling designs, including replicate 
subsamples and larger volumes of sample that can be accomplished by 
using for example plankton nets. Second, in many instances the total 
number of individuals differs significantly among communities inhabiting 
different sites. Hence, the estimates of species richness must be 
standardized by a quantitative measure of sampling effort to make 
meaningful comparison of community diversity (Gotelli & Colwell 2001). 
 
We have shown that conventional sampling volumes miss a large fraction of 
the species richness in marine phytoplankton communities. By using small 
volumes of seawater, systematic undersampling has hampered the search 
for diversity patterns in marine phytoplankton and might have underrated 
fundamental mechanisms of community assembly such as the power of 
oceanic turbulence and dispersal. Our results suggest that marine 
phytoplankton communities might be more diverse than previously 
estimated. Species-accumulation curves and rarefaction analyses are thus 
essential analytical tools to implement within traditional protocols and 
hence obtain more accurate estimates of phytoplankton community 
diversity. 
 
  
Chapter IV 
 
Redrawing diversity patterns from 
sampling-standardized data 
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Summary 
In order to ascertain whether large-scale variability in the diversity of 
marine planktonic microorganisms follows similar patterns to those 
observed for macroorganisms, we analyzed marine phytoplankton diversity 
as a function of latitude, temperature, primary productivity and several 
other environmental and biological variables. For the first time, we explored 
these relationships after correcting the observed patterns of species 
richness by the differential sampling effort applied in areas of distinct 
productivity. We used individual-based rarefaction and shareholder quorum 
sub-sampling (SQS) methods to standardize the estimates of species 
numbers by sampling effort. We fitted linear and quadratic models to the 
resulting estimates of species richness to explore their variability with 
latitude, inverse temperature and biomass. In addition, we performed 
correlation analyses between pairwise variables to search for common 
patterns of variability, and used a stepwise multiple linear regression model 
to explain the variability of the observed species richness as the 
combinatory effect of multiple drivers acting together. We found that 
marine phytoplankton diversity was not correlated with latitude, 
temperature or biomass. The hotspots of diversity at intermediate latitudes 
disappeared after sampling standardization. Neither temperature nor 
primary productivity, as diagnostics of energy supply, or any other variable 
or combination of variables explained the patterns of phytoplankton 
diversity. We argue that the latitudinal diversity gradient observed for 
microorganisms in previous studies may have resulted from differences in 
sampling effort along productivity gradients and sampling biases in the 
detection of rare species. We conclude that large-scale processes, such as 
passive dispersal and recurrent habitat re-colonization, dominate the 
distribution of species. Sampling protocols and data analyses must be 
improved in order to obtain estimates of diversity more comparable across 
ecosystems. 
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IV.1 Introduction 
The latitudinal diversity gradient (LDG), which predicts a decline in species 
richness from the equator to the poles, has been reported for macro- and 
microorganisms in aquatic (freshwater and marine) and terrestrial systems 
(Pianka 1966, Fuhrman et al. 2008, Stomp et al. 2011). The mechanisms that 
lead to the LDG have long been discussed (Pianka 1966, Hillebrand 2004) 
and several ecological, historical and evolutionary explanations have been 
proposed (Willig et al. 2003, Mittelbach et al. 2007). The ‘species-energy’ 
hypothesis states that the LDG is generated and maintained by an 
equatorward increase in the amount of incoming energy. According to this 
hypothesis, the biological diversity of an ecosystem is related to the 
availability of potential and kinetic forms of energy in the environment, 
expressed as temperature and net primary production, respectively. 
Founded on the concepts of the metabolic theory of ecology (MTE) (see Fig. 
1.3 in Chapter I), it has been postulated that temperature controls the 
kinetics of enzymatic reactions and hence the probability of mutation and 
speciation (Allen et al. 2007). Higher incident solar radiation and 
temperatures at low latitudes can thus regulate the latitudinal distribution 
of species through regional variations in the rate of diversification. Primary 
productivity, the rate of energy capture and carbon fixation by primary 
producers, has been also proposed as an important factor in controlling the 
number of species present in an ecosystem. Productive ecosystems receive 
more resources than unproductive ones, supporting the coexistence of a 
larger number of populations (Tilman et al. 1997, Morin 2000). However, 
the mechanisms underlying the productivity-diversity relationship (PDR) are 
not clear and the shape of this relationship has been found to be variable 
depending on the type of organisms and the scale of observation 
(Mittelbach et al. 2001, Chase & Leibold 2002). For marine microorganisms, 
it has been proposed to be “hump-shaped” (Irigoien et al. 2004, Stomp et al. 
2011), such that diversity increases with the amount of available resources 
but decreases in highly productive environments, where a few dominant 
species contribute the bulk of community biomass. However, as explained in 
Chapter II, our work suggests that differences in sampling effort across 
ecosystems and/or time periods could bias the intercomparison of datasets, 
distorting the patterns of species richness reported for these marine 
microorganisms (Cermeño et al. 2013b). 
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Growth and photosynthetic activity by marine phytoplankton depend on 
their ability to acquire and use resources. Hence, the geographical variability 
of light and nutrients might be involved in controlling the large-scale 
patterns of phytoplankton diversity in the ocean. However, microorganisms 
possess huge population numbers, broad dispersal ranges and short 
generation times which decrease the probability of local extinction. These 
features of microbial populations led to propose the idea that broad-scale 
processes, such as dispersal and recurrent habitat re-colonization, reduce 
the effect of environmental factors in shaping the patterns of microbial 
diversity, maintaining a large pool of coexisting species within local 
communities (Finlay 2002, Gibbons et al. 2013). 
 
After decades of research there is no consensus on the patterns of diversity 
of microorganisms. Specifically for marine phytoplankton, there is little field 
data at global scale and previous analyses overlook some important biases, 
such as differences in sampling effort (Cermeño et al. 2013b), 
undersampling of species in low population abundances (Rodríguez-Ramos 
et al. 2014), or the idiosyncrasy of different observers in taxonomic 
assignation (Irigoien et al. 2004, Cermeño et al. 2013b, Chust et al. 2013). 
Here, we used two extensive datasets, including species composition and 
several biotic and abiotic variables, to investigate the large-scale 
biogeography of marine phytoplankton in the global ocean. A novel 
contribution of this work is the careful selection of samples and data 
analysis in order to avoid some of the main shortcomings of previous 
studies on phytoplankton diversity. Here: i) species were identified by a 
single expert (Derek S. Harbour) (Sal et al. 2013); ii) we compiled data 
collected at all seasons over several years and at different regions around 
the world, including a great variety of habitats, to avoid spatio-temporal 
dependence in our results; and iii) we explored for the first time numerous 
potential explanatory variables and mechanisms while controlling the effect 
of differential sampling effort across datasets. Our goals were: i) to test 
whether the predictions of the LDG, the MTE and the PDR apply for marine 
phytoplankton; ii) to investigate the shape of the PDR at different scales of 
observation (from local to global); and iii) to explore a combination of 
biological and environmental variables which best explain the observed 
patterns of species richness at global scale. 
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IV.2 Methods 
IV.2.1 Data acquisition 
A complete list of the variables included in our analyses, their units, the 
number of observations and a brief definition, is available in Table 4.1. 
 
Table 4.1 List of variables included in the study, their units, the number of observations in 
AMTs (nAMTs) and GD (nGD) datasets and a brief definition. 
VARIABLE UNITS nAMTs nG D DEFINITION
Lat 98 744 Latitude
Sal 95 - Salinity, at surface
ND m 80 - Nitracline depth, at which [NO3] > 0.05 µmol L
-1 
T º C 95 698 Temperature, at surface
PP2-20µm mgC m-3 h-1 70 - Primary Productivity rate at surface, size fraction 2 - 20 
µm (nanoplankton)
MLD m 72 744 Mixed layer depth, at which ΔT > 0.5ºC
PP0.2-2µm mgC m-3 h-1 70 - Primary Productivity rate at surface, size fraction 0.2 - 2 
µm (picoplankton)
Chla2-20µm mg Chla m-3 68 - Chl a  concentration at surface, size fraction 2 - 20 µm 
(nanoplankton)
TotPP mgC m-3 h-1 93 - Total (all size-fractions) Primary Productivity rate, at 
surface
TotChla mg Chla m-3 92 744 Total (all size fractions) Chl a  concentration, at surface
ELD m 71 - Euphotic Layer depth, at which light intesity = 1% of 
superficial light
Chla0.2-2µm mg Chla m
-3 68 - Chl a  concentration at surface, size fraction 0.2 - 2 µm 
(picoplankton)
Chla≥20µm mg Chla m-3 67 - Chl a  concentration at surface, size fraction ≥ 20µm 
(microplankton)
PP≥20µm mg C m
-3 
h
-1 70 - Primary Productivity rate at surface, fraction ≥ 20 µm 
(microplankton)
Chla≥2µmInt mg Chla m-2 62 - Chla  concentration integrated in the euphotic layer, 
fraction ≥ 2µm (nano- and microplankton)
TotAbd nº individuals 98 744 Total (all size-fractions) abundance per volume settled, 
at surface
PP≥2µmInt mg C m-2 h-1 62 - Productivity rate integrated in the euphotic layer, size-
fraction ≥ 2µm (nano- and microplankton)
PP<2µmInt mg C m-2 h-1 62 - Productivity rate integrated in the euphotic layer, size-
fraction < 2µm (picoplankton)
S SQS species 97 744 Number of species, standardized by Alroy's SQS, q = 0.7 
(70% subsampled)
PPTotInt mg C m
-2 
h
-1 95 - Total (all size-fractions) Primary Productivity rate, 
integrated in the photic layer
ChlaTotInt mg Chla m-2 97 - Total (all size-fractions) Chl a  concentration, integrated 
in the photic layer
Chla<2µmInt mg Chla m
-2 62 - Chl a  concentration, integrated in the photic layer, size-
fraction < 2µm (picoplankton)
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Table 4.1 (Continued) 
 
IV.2.1.1 Global database (GD) 
A very valuable dataset was compiled by Sal et al. (2013), comprising 
worldwide-collected data on microphytoplankton species composition, and 
hydrographic, environmental and biological variables, covering a great 
variety of marine ecosystems, from coastal to open-ocean areas and from 
subpolar to equatorial latitudes (Fig. 4.1). Within the original array of 
species, we selected those corresponding to phytoplankton taxa (diatoms, 
dinoflagellates and coccolithophorids). Our final subset includes S = 651 
species and N = 744 sampling sites. As the volume settled per sample is 
unknown, we assumed that cell counting was always done on 50-mL 
seawater samples. Hence, abundances were extrapolated from the reported 
cell densities to the total abundance in 50 mL. Although in high biomass 
conditions the volume settled is likely to be smaller, the number of 
potentially biased cases is low enough (only in 15% of the samples 
chlorophyll a (Chl a) concentration was higher than 3 mg m-3) to discard a 
significant influence over our results. This assumption allowed the 
standardization of raw species richness as a function of sampling effort 
(number of individuals counted per sample). Finally, we selected only near-
surface samples (depth < 20m) to avoid potential effects of different light 
availability over diversity. 
 
 
 
 
 
VARIABLE UNITS nAMTs nG D DEFINITION
TotBio mg C m
-3 98 744 Total (all size-fractions) biomass, at surface
S rare f species 92 676 Rarefied species richness, for n =1000 individuals
S obs species 98 744 Observed species richness, at surface
S H unitless 97 744 Shannon's or Standard information index of diversity
S Chao1 species 93 542 Number of species estimated by the non-parametric 
estimator Chao1 
PP/Chla mg C mg Chla
-1
 h
-1 95 - Ratio PPTotInt : ChlaTotInt
PAR mol photons m
-2
 d
-1 - 744 Photosynthetically active radiation, at surface
Nit µmol L-1 - 744 Nitrate concentration, at surface
Phosp µmol L-1 - 744 Phosphate concentration, at surface
Silic µmol L
-1 - 744 Silicate concentration, at surface
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Fig. 4.1 Location of the sampling stations included in the GD dataset. Map extracted from 
Sal et al.( 2013). 
 
IV.2.1.2 Atlantic Meriodional Transects (AMTs) 
We compiled data on physical, chemical, and biological variables 
concurrently determined during four Atlantic Meridional Transects (AMTs), 
carried out on board RRS James Clark Ross during September–October 1995 
(AMT-1), April–May 1996 (AMT-2), September–October 1996 (AMT-3), and 
April–May 1997 (AMT-4), crossing temperate, subtropical and tropical 
regions in North and South Atlantic Ocean (Marañón et al. 2000) (see Fig. 
4.1). Seawater samples were collected at 25 sampling stations distributed 
along each latitudinal transect, from 5 to 10 depths in the upper 200 m of 
the water column. Sampling depths were selected according to the vertical 
distribution of fluorescence, covering the entire euphotic layer. 
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Although in this dataset the total number of observations per variable is 
much more reduced than in GD, it comprises 28 variables reflecting 
environmental conditions (e.g., temperature), productivity (total and size-
fractioned primary production), local hydrodynamic conditions and hence 
resource availability (e.g., the depth of the nitracline) (Cermeño et al. 
2008a) and several descriptors of phytoplankton standing stocks (total and 
size-fractionated Chl a concentration, total biomass and abundance). This 
set of variables allows a comprehensive analysis in terms of potential drivers 
of phytoplankton biogeography. 
 
IV.2.1.2.1 Hydrographical variables 
The vertical distributions of temperature (T) and salinity (Sal) were 
measured at each station with a Neil Brown Mark IIIB CTD instrument. The 
depth of the mixed layer (MLD) was determined as that at which the 
variation in temperature with respect to surface was higher than 0.5°C. The 
vertical profiles of photosynthetically active radiation (PAR, 400 to 700 nm) 
were obtained with a SeaOPS Satlantic sensor, and the euphotic layer depth 
(ELD) was defined for each station as that at which PAR equals 1% of the 
irradiance measured at surface. Micromolar concentrations of inorganic 
nutrients were determined colourimetrically on fresh samples using a 
Technicon AAII AutoAnalyser and standard techniques. For each station, the 
nitracline depth (ND) was defined as the first depth at which nitrate was 
detected (>0.05 µmol L-1, detection limit). This variable is a proxy for 
nutrient supply into the euphotic layer (Cermeño et al. 2008a). 
 
IV.2.1.2.2 Total and size-fractionated Primary Productivity 
The 14C-uptake technique was used to determine primary productivity (PP) 
rates, as detailed in Marañón et al. (2000). After simulated in situ 
incubations, samples were sequentially filtered at low vacuum pressure 
(<100 mm Hg) through polycarbonate filters of 20, 2 and 0.2 µm nominal 
pore size to retain micro-, nano- and pico-phytoplankton, respectively. 
 
IV.2.1.2.3 Total and size-fractioned Chl a concentration 
Two 200-mL replicates of seawater from 5–7 different depths per sampling 
station were sequentially filtered through 20-, 2- and 0.2-µm pore-size 
polycarbonate filters under low vacuum pressure (<50 mm Hg). Size-
fractioned Chl a concentration was determined fluorometrically after 
overnight pigment extraction in 90% acetone at -20°C.  
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IV.2.1.2.4 Microscopy analysis for the determination of species richness, 
abundance and biomass 
Duplicate 100-mL samples were preserved in 1% Lugol’s iodine, and 0.5% 
buffered formalin for the conservation of calcium carbonate structures. 
From them, subsamples were allowed to settle for 2–3 days in 
sedimentation chambers, and subsequently examined under an inverted 
microscope to identify and count cells. We compiled data on species 
composition at a total of 97 sampling stations distributed along the Atlantic 
Ocean through 6 different biogeochemical provinces (Tilstone et al. 2009). 
The total number of species was S = 305, belonging to 3 different taxa: 
diatoms, dinoflagellates and coccolithophorids. Cell volume was calculated 
by assigning different geometric shapes that were most similar to the real 
shape of each phytoplankton species (Edler 1979). For the present study, 
we used data from surface samples (depth = 7m) to determine the observed 
species richness (Sobs), total abundance (TotAbd) and total biomass (TotBio). 
 
In both datasets, carbon (C) biomass was estimated from cell numbers by 
using the biovolume estimates and conversion factors given by Holligan et 
al. (1984). 
 
IV.2.2 Data analyses and statistics 
IV.2.2.1 Standardization of the observed species richness, and additional 
diversity metrics 
To obtain comparable estimates of species richness for different 
productivity areas, we used two different standardization methods. Firstly, 
after applying individual-based rarefaction (Gotelli & Colwell 2001) as 
explained in Chapter II, we defined Sraref as the number of species expected 
when subsampling n = 1000 individuals. Increasing the number of 
individuals did not alter significantly the results, yet it reduced substantially 
the number of observations at low productivity areas. Secondly, by using 
the shareholder quorum sub-sampling (SQS) method (Alroy 2010b) (see 
Chapter II for further details), we estimated the expected number of species 
(SSQS) when sampling 70% (0.7 quorum subsampling) of the abundance 
distribution on each community after eliminating the most dominant taxa 
(the species with the highest abundance in the sample). Rarefaction and 
SQS routines were performed by using the functions rarefy and sqs, 
respectively, in R (R Core Team 2013). 
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Two additional diversity metrics were included in the analysis: i) SChao1, the 
number of species predicted by the non-parametric estimator Chao1 (see 
Chapter II, Eq. 2.1); and ii) SH, the standard information or Shannon’s index, 
which computes diversity as a dual variable, taking into account species 
richness and evenness (i.e., the equitability in the distribution of abundance 
among species), defined as Hurlbert (1971): 
 
    ∑  i
 
       i ,      (Eq. 4.1) 
 
where pi is the proportional frequency of the ith species in the sample. 
 
IV.2.3 Hypothesis and objectives 
IV.2.3.1 Objective 1: The latitudinal diversity gradient (LDG) 
The LDG hypothesis predicts a decline in diversity with increasing latitude 
from the equator to the poles. To test this hypothesis, we represented the 
latitudinal distribution of five diversity/species richness metrics (data from 
GD) as a function of absolute latitude. Then, we fitted ordinary least squares 
(OLS) regressions to data. 
 
IV.2.3.2 Objective 2: The metabolic theory of ecology (MTE) 
The MTE predicts that species richness scales with temperature 
exponentially, so that the natural logarithm of species richness is linearly 
related to 1/kT, with a slope E (activation energy) ranging between 0.60 -
0.70 eV (Gillooly & Allen 2007). To test this hypothesis, we fitted linear and 
quadratic models (first and second order polynomic functions, respectively) 
to the relationship between the broad-scale variation of phytoplankton (Ln-
transformed) species richness and the inverse of temperature. The model 
which best fits the data was selected according to the Akaike Information 
Criterium (AIC) (Burnham & Anderson 2002). 
 
IV.2.3.3 Objective 3: Biomass-diversity relationship 
The PDR is one of the most explored but less clear patterns in ecology. We 
represented the relationship between the total number of species (raw and 
standardized) and total biomass (mg C m-3) per sampling site. Total biomass 
is used here as a surrogate for primary productivity, which is not available in 
the GD dataset. Moreover, we tested the variability of this relation at 
different regions and seasons. To do so, we divided GD into: a) different 
biogeographic regions (Subp_N (>49°N), Northern subpolar; Temp_N (35 to 
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49°N), Northern Temperate; Oligo_N (20 to 34°N), Northern oligotrophic; 
Equat+Upwell (9°S to 19°N), Equatorial and Mauritanian upwelling ; Oligo_S 
(10 to 34°S), Southern oligotrophic; and Temp_S (35 to 48°S), Southern 
temperate; the Southern subpolar region, Subp_S (>48°S), contained only 4 
sampling stations and hence it was discarded from the analysis); and b) 
different seasons, including Spring (March-May), Summer (June-August), 
Autumn (September-November), and Winter (December-February) for the 
Northern Hemisphere, and vice-versa for the Southern Hemisphere. We 
then fitted linear and quadratic models to data and we selected the best 
models according to AIC (Burnham & Anderson 2002). 
 
IV.2.3.4 Objective 4: Single drivers of diversity 
We searched for correlation between pairwise variables to quantify the 
variation of marine phytoplankton diversity in relation to latitude, 
environment and biological factors. We used the function MINE (Reshef et 
al. 2011) in R (R Core Team 2013), which computes the maximal information 
coefficient (MIC), a measure of dependence for two-variable relationships, 
such that the higher the value of MIC, the strongest the correlation 
between the considered variables. The main advantage of using this 
function is its capacity to identify a broad range of relationships other than 
the linear correlation, traditionally computed as the Pearson’s product-
moment correlation coefficient. The P-value or significance levels 
corresponding to the obtained MIC scores were pre-computed for different 
numbers of observations, and are available at 
http://www.exploredata.net/Downloads/P-Value-Tables. The MIC threshold 
indicating a significant correlation between the pair of variables considered 
was determined as that for which P-value < 0.001. In order to simplify the 
interpretation of our results, significant correlations were classified into 
weak, moderate, strong and very strong. 
 
IV.2.3.5 Objective 5: Multiple drivers of diversity 
To test whether marine phytoplankton diversity patterns are driven by the 
combinatory effect of multiple factors acting together, we used a stepwise 
multiple linear regression analysis with backward selection of variables. This 
analysis allows exploring the relative performance of different combinations 
of variables as explanatory factors of the observed species richness (Sobs, the 
dependent variable). We selected the stations for which all the variables 
included in the analysis were measured (N = 51 and N = 677 stations, for 
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AMTs and GD, respectively). Variables found to be strongly or very strongly 
correlated to each other in the previous analysis were not allowed to be 
simultaneously included in regression modeling to avoid redundant 
information. The analysis was computed in R (R Core Team 2013) by using 
the function step, which calculates the AIC for a model describing the 
dependent variable as a function of a number of explanatory variables (k). 
Then, it calculates the AIC for all possible models derived from the initial 
one taken into account k-1 explanatory variables. The variable which most 
improves the fit (giving rise to the lowest AIC) with respect to the initial 
model is removed from the set of potentially explanatory variables. This 
routine is subsequently repeated until the fit cannot be improved by 
removing any of the remaining variables.  
 
 
IV.3 Results 
IV.3.1 Patterns in species occurrence and abundance 
In the GD, 17% of the species were very infrequent (found in only one or 
two samples), 13 % were infrequent (present in less than 10% of the 
samples), only 0.6% were widespread (found in at least half of the samples, 
distributed in both hemispheres) and no cosmopolitan species (present in 
more than 90% of the samples) were found. In AMTs, 33% of the species 
were very infrequent, 41% were infrequent, 5% were widespread and <1% 
were cosmopolitan. However, in both datasets, the occurrence of a species, 
defined as the number of samples in which it was found, was significantly 
and positively correlated with its total abundance in the corresponding 
dataset (Fig. 4.2). This result suggests that very infrequent and infrequent 
species, typically present in very low abundance, could be undersampled 
due to a lower likelihood of detection. Hence, additionally to raw species 
richness (Sobs) and in order to avoid sampling artifacts, we included 4 
additional descriptors of diversity in our analyses: Sraref, SSQS, SChao1, and SH 
(see Methods and Table 4.1). 
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Fig. 4.2 Occurrence of each species as a function of its total abundance for (A) the global 
ocean (GD), and (B) the Atlantic Ocean (AMTs). In both cases, the number of samples in 
which a species was found (occurrence) is positively correlated to its total abundance in the 
corresponding dataset (Pearson’s product-moment correlations, A) r = 0.113, P-value<0.01, 
and B) r = 0.132, P-value<0.05), such that the more abundant the species in natural 
environments, the higher the number of samples within which it was identified. 
 
IV.3.2 Objective 1: LDG 
Almost all the diversity metrics showed a slight tendency to decrease with 
increasing latitude (Fig. 4.3) with the exception of Sraref, for which the linear 
regression fit was not significant. Nevertheless, all the coefficients of 
determination were very low. Thus, the LDG cannot explain the pattern of 
species richness distribution of marine phytoplankton. 
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Fig. 4.3 Global latitudinal distribution of surface phytoplankton species richness and 
diversity. Solid lines represent the OLS regression fitted to diversity data as a function of 
absolute latitude. Sobs, observed species richness (Sobs = 39.65 – 14.10 Lat, P-value<0.0001, 
R
2 
= 0.028, N = 744); SChao1, estimated species richness (SChao1 = 54.89 – 0.30 Lat, P-
value<0.0001, R
2
 = 0.061, N = 542); Sraref, species richness standardized by rarefaction (n = 
1000 individuals subsampled) (N = 676, the linear regression is not significantly fitted to 
data); SSQS, species richness standardized by Alroy’s SQS (q = 0.7) (SSQS = 7.08 – 0.03 Lat, P-
value<0.0001, R
2
 = 0.031, N = 744); and SH, diversity index (SH = 1.65 – 0.003 Lat, P-
value<0.05, R
2
 = 0.005, N = 744). 
 
IV.3.3 Objective 2: MTE 
The shape of the temperature-species richness relationship was dependent 
on the expression of species richness used (Fig. 4.4). For Sobs and SChao1 we 
found a curvilinear relationship (Table 4.2). The quadratic model explained a 
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higher percentage of variation of species richness (~13% and ~21% 
respectively) than the linear model (~10% and ~16%, respectively). For the 
estimates of species richness corrected by sampling effort, the linear model 
was the best model fitting data, suggesting a linear decline of species 
richness with decreasing temperature as predicted by the MTE, but 
temperature was able to explain a very low proportion of species richness 
variability (only ~1% and ~4% of Sraref and SSQS, respectively). Moreover, the 
regression slopes of the Ln-transformed species richness as a function of 
inverse temperature were much lower than the range predicted by the 
MTE, regardless of the expression of species richness used (Table 4.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 Relationship between temperature and species richness. The natural logarithm of 
species richness A) raw (Sobs, N = 698), B) standardized by rarefaction (Sraref, N = 635), C) 
standardized by Alroy’s SQS (SSQS, N = 698), and D) estimated by Chao1 (SChao1, N = 522), 
expressed as a function of the inverse, absolute temperature at surface, 1/kT. The 
parameters of linear (solid line) and quadratic (dashed-line) functions fitted to data are 
available in Table 4.2. The best fitted model, with the lowest AIC, is highlighted with a 
thicker line. 
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Table 4.2 Parameters of the linear and quadratic models fitted to the relationship between 
the natural logarithm of species richness (observed, Sobs, or standardized by sampling effort 
by rarefaction, Sraref, or SQS, SSQS) and the inverse temperature (Fig. 4.4). P-value indicates 
the significant level of the fitness. R
2
 is the coefficient of determination. AIC is the Akaike’s 
Information Criterium for each fitted model. The model with lowest AIC (in bold) was the 
best fitted to data. 
 
 
 
 
 
 
 
 
 
 
Dependent 
variable
Param. 1 Param. 2 Param. 3 R2 AIC P-value
10.022 -0.16
 (8.59, 11.45) (-0.20, -0.13)
-121.47 6.41 -0.082
 (-177.79, -65.15)  (3.60, 9.23)   (-0.12, -0.05)
5.85 -0.07
 (3.96, 7.71)  (-0.12, -0.02)
-0.28 0.24 -0.004
  ( -74.87, 74.31)  (-3.49, 3.96)  (-0.05, 0.04)
6.95 -0.13
 (5.04, 8.86)  (-0.17, -0.09)
34.81 -1.53 0.017
 (-41.71, 111.33)  (-5.35, 2.30)  (-0.03, 0.07)
11.94 -0.21
(10.29, 13.59) (-0.24, -0.17)
-181.37 9.47 -0.121
 (-247.72, -115.02)  (6.15, 12.79)  (-0.16, -0.08)
L, Linear model: Ln (S) = Param. 1 + Param. 2  * (1/kT)
Q, Quadratic model: Ln (S) = Param. 1 + Param. 2 * (1/kT) + Param. 3 * (1/kT)2
<0.0001
<0.0001567.54
537.57
0.156
0.205
1101.26 <0.0001
0.039 1102.75 <0.0001
910.37 <0.01
0.011 912.34 <0.05
Ln(Sobs)
Ln(Sraref)
Ln(SSQS)
Ln(SChao1)
0.104
L
Q
L
Q
L
Q
0.012
0.04
693.72 <0.0001
0.129 674.91
L
Q <0.0001
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IV.3.4 Objective 3: PDR 
The global pattern of Sobs (Fig. 4.5, upper panel) was best described by a 
quadratic function of biomass (Table 4.3), suggesting a hump-shaped PDR, 
with diversity peaking at intermediate levels of biomass. However, this 
pattern was lost or even reversed after standardizing species richness by 
sampling effort (Fig. 4.5, upper panel, and Table 4.3). 
 
For the different regions and seasons our analysis revealed similar results. 
Only in the Northern oligotrophic region (Oligo_N) and in the low-latitude, 
upwelling region (Equat+Upwell) (Fig. 4.5) biomass patterns explained >50% 
and ~40% of species richness variability, respectively (Table 4.3). Again, the 
patterns observed with raw data mostly disappeared after standardizing 
species richness by sampling effort. At different seasons (Fig. 4.6), raw 
species richness exhibited a “hump-shaped” relationship with biomass, but 
this relationship was lost and turned linear and negative when standardizing 
by sampling effort (Table 4.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Chapter IV 
85 
 
Fig. 4.5 Biomass-diversity relationship at different spatial scales, expressed as species 
richness (Sobs, dark-grey dots, Sraref, light-grey dots, and SSQS, white dots) in function of total 
biomass. Data correspond to the GD dataset. Solid and dashed lines represent linear and 
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quadratic functions fitted to data, respectively. Only significant fits are shown. The 
parameters describing each fitted curve are shown in Table 4.3. The best fitted model, with 
the lowest AIC, is highlighted with a thicker line. 
 
 
Table 4.3 Parameters of the models fitted to diversity-biomass relationships, for 5 
expressions of diversity (species richness observed (Sobs), standardized by rarefaction (Sraref) 
and by shareholder quorum sub-sampling (SSQS), estimated by non-parametric estimator 
(SChao1) and computed as the Shannon index of diversity (SH) at different biogeographic 
regions (in Fig. 4.5): Global (all data together), Subp_N (Northern Subpolar), Temp_N 
(Northern Temperate), Oligo_N (Northern Oligotrophic), Equat+Upwell (Equatorial and 
Mauritanian Upwelling), Oligo_S (Southern Oligotrophic) and Temp_S (Southern 
Temperate). Linear (L) and quadratic (Q) models, first and second order polynomic functions 
respectively, were fitted to data. n is the number of observations. Signif. is the significant 
level of each model’s fitting. R
2
 is the coefficient of determination and AIC is the Akaike’s 
Information Criteria for each model. The model with lowest AIC, in bold, was the best fitted 
to data. 
 
REGIONS L Q L Q L Q L Q L Q
n
Signif. *** *** . *** *** *** *** * ***
R2 0.15 0.22 0.00 0.04 0.04 0.07 0.08 0.01 0.03
AIC 5763.05 5701.38 3682.55 3681.57 4688.63 4682.55 1393.21 1377.14
n
Signif. *** *** * *** *** *** *** . *
R2 0.15 0.23 0.02 0.08 0.08 0.12 0.13 0.01 0.03
AIC 3066.23 3028.03 2015.88 2017.85 2401.51 2400.59 703.5 698.27
n
Signif. .
R2 0.14
AIC
n
Signif. *** *
R2 0.56 0.53
AIC 115.47 117.45
n
Signif. *** *** * .
R2 0.4 0.41 0.07 0.09
AIC 528.01 526.88
n
Signif. * . . * .
R2 0.11 0.05 0.04 0.11 0.04
AIC
n
Signif.
R2
AIC
Significance: *** <0.0001; ** <0.001; * <0.01; . <0.05
16 16
SH
69 62 69
83 75 83 63 83
36 27 36
17 15 17 17 17
744
414 371 414 298 414
676
36
S Chao1
744 542
Temp_N
Oligo_N
744
36
Global
Subp_N
Temp_S
63
S obs S raref S SQS
Equat+Upwell
Oligo_S
69
16 15 16
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Fig. 4.6 Biomass-diversity relationships for different seasons, expressed as species richness 
(Sobs, dark-grey dots, Sraref, light-grey dots, and SSQS, white dots) in function of total biomass. 
Data correspond to the GD dataset. Solid and dashed lines represent significantly fitted 
linear and quadratic models, respectively (see Table 4.4 for regression parameters). Only 
significant fits are shown. The best fitted model, with the lowest AIC, is highlighted with a 
thicker line. 
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Table 4.4 Parameters of the models fitted to biomass-diversity relationships, for 5 
expressions of diversity (species richness observed (Sobs), standardized by rarefaction (Sraref) 
and by shareholder quorum sub-sampling (SSQS), estimated by non-parametric estimator 
(SChao1) and computed as the Shannon index of diversity (SH)) at different seasons (in Fig. 
4.6). L and Q represent the linear and quadratic models, first and second order polynomic 
functions respectively, fitted to data. n is the number of observations. Signif. is the 
significant level of model’s fitting. R
2
 is the coefficient of determination and AIC is the 
Akaike’s Information Criteria for each model. The model with the lowest AIC, in bold, was 
the best fitted to data. 
 
IV.3.5 Objective 4: Single drivers of diversity 
We performed analysis of correlation between pairwise variables and we 
summarized the results in correlation (semi-) matrices, represented in Fig. 
4.7, A) for AMTs and B) for GD datasets. In both matrices, variables (see 
Table 4.1 for the meaning of the acronyms) were ranked in a decreasing 
order of correlation with (non-absolute) latitude. Significant correlations 
were categorized into different classes of “strength”, defined as ranges of 
MIC scores (see the legends in Fig. 4.7). 
  
 
 
 
 
 
 
SEASON L Q L Q L Q L Q L Q
n
Signif. *** *** . . . *** ** ***
R2 0.08 0.12 0.02 0.02 0.02 0.03 0.04 0.06
AIC 2110.3 2097.33 1339.36 1339.83 1660.56 1659.5 535.12 528.68
n
Signif. *** *** * * . ** *** *** **
R2 0.08 0.26 0.03 0.04 0.02 0.07 0.11 0.14 0.05
AIC 1858.73 1806.81 1577.11 1575.62 1154.67 1143.38 1193.25 1188.78
n
Signif. *** *** * * .
R2 0.28 0.31 0.05 0.05 0.03
AIC 1284.51 1278.19 1362.16 1362.87
n
Signif. ** * * .
R2 0.15 0.15 0.08 0.07
AIC 520.62 521.71 387.66 389.64
Significance: *** <0.0001; ** <0.001; * <0.01; . <0.05
S obs S raref S SQS S Chao1 SH
273
Summer
238 219 238 146 238
Spring
273 247 273 194
76
Autum
168 168 168 158 168
Winter
76 75 76 62
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Fig. 4.7 Semi-matrix of correlation between pairwise variables, computed by the MINE 
function for A) AMTs and B) GD datasets (see Table 4.1 for the meaning of the acronyms). 
The threshold of significance for P-value<0.001 is defined in the corresponding legend. In 
both cases, variables were ranked in a descending order according to their correlation with 
(non-absolute) latitude. 
 
IV.3.5.1 AMTs dataset 
Correlations between pairs of variables included in the AMTs dataset are 
summarized in Fig. 4.7, A). Among all the diversity expressions, we found 
only a weak correlation with latitude for SSQS. This result corroborates our 
previous finding that the LDG is absent for marine phytoplankton. 
Moreover, none of the 5 expressions of diversity were significantly 
correlated with T, reinforcing as well our findings about the weak role for 
the temperature-dependence of metabolic rates as a driver of marine 
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phytoplankton diversity. Contrary to the patterns found for superficial 
diversity, total PP rate at surface (TotPP) was significantly, albeit 
moderately, correlated with latitude. This relationship decreased to weak 
after integrating the PP rate into the euphotic layer (PPTotInt). Except for a 
moderate correlation between latitude and the integrated PP rate by 
microphytoplankton (PP≥20µm), the size-fractionated PP rates showed 
similar latitudinal patterns than those of total PP rates, both at surface or 
integrated in the euphotic layer. Regarding phytoplankton standing stocks, 
total abundance (TotAbd) and Chl a concentration (TotChla) at surface were 
significantly correlated with latitude, while a significant latitudinal pattern 
was not found for biomass (TotBio). 
 
Primary productivity is one of the factors proposed to control diversity. Sobs 
was weakly correlated with the PP rate of nano-phytoplankton (PP2-20µm) 
(see also Fig. 4.8,G) and it was as well correlated with the PP rate integrated 
in the euphotic layer for nano- and micro-phytoplankton (PP≥2µmInt). 
Moreover, none of the environmental variables which were strongly 
correlated with latitude (Sal, ND, T, MLD or ELD) were significantly 
correlated with diversity as well (see Fig. 4.8, A to E), but instead they all 
were weakly correlated with TotPP rate, except for ND. This variable, a 
proxy for nutrient supply rate, was however significantly correlated with the 
PP produced by pico-phytoplankton, both at surface (PP0.2-2µm) and 
integrated over the euphotic layer (PP<2µm). 
 
The hotspots of diversity at intermediate latitudes almost disappeared after 
the standardization of species richness by sampling effort (Fig. 4.3). We 
expected to find some correlation between the number of species observed 
and the standing stock of phytoplankton. We found a moderate correlation 
between TotBio and SH, and a weak relation with Sobs and SChao1. TotAbd was 
weakly correlated with SSQS and Sraref, and TotChla was weakly correlated 
with SSQS. 
 
In summary, none of the variables included in the correlation analysis was 
highly correlated with the diversity metrics included.  
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Fig. 4.8 Scatterplot of species richness observed (Sobs, black dots) and standardized by 
sampling effort (by rarefaction, Sraref, grey dots, and shareholder quorum sub-sampling, SSQS, 
white dots) from AMTs dataset as a function of some potential explanatory variables: (A) 
temperature, (B) nitracline depth, (C) euphotic layer depth, (D) salinity, (E) mixed layer 
depth, (F) total PP rate, (G) PP rate corresponding to the fraction between 2 and 20 µm, (H) 
total biomass and (I) total Chl a concentration. All data correspond to values measured at 
surface. 
 
IV.3.5.2 GD dataset 
Correlations between pairs of variables included in the AMTs dataset are 
summarized in Fig. 4.7, B). We found that environmental and resource-
related variables showed the strongest correlation with latitude, with the 
exception of surface PAR (SurfPAR), which was correlated moderately with 
latitude. The 3 variables representing phytoplankton stocks showed 
moderate correlation with latitude. The variables expressing diversity 
showed different patterns: while Sobs and SChao1 were weakly correlated to 
all the variables included in the analysis, Sraref was the only variable not 
Patterns of diversity of marine phytoplankton 
92 
 
correlated with latitude, and it was only weakly correlated with temperature 
and phosphate concentration (see Fig. 4.9, A to H). Finally, SH was weakly 
correlated with latitude and total abundance.  
 
IV.3.6 Objective 5: Multiple determinants of diversity 
A stepwise multiple linear regression analysis with backward selection of 
variables was implemented as an attempt to forecast the patterns in Sobs as 
a function of biotic and abiotic forcing. For AMTs, this analysis showed that 
a model combining 3 variables (T, TotBio and TotPP) explained 36% of the 
variability in observed species richness along the superficial Atlantic Ocean 
(Table 4.5). For GD, with a lower number of independent variables but with 
a higher number of observations, a model combining 4 drivers (T and 
TotBio, as well as incident PAR and MLD) was able to explain only 17% of the 
variability in the observed number of species (Table 4.5). 
 
 
Table 4.5 Stepwise multiple regression analysis of observed species richness (Sobs, 
dependent variable) as a function of several explanatory variables, for AMTs (n = 51 
observations) and GD (n = 677 observations). For both datasets, the corresponding multiple 
regression model was significantly fitted to data (P-value < 0.0001), with R
2 
= 0.36 for AMTs 
and R
2 
=0.17 for GD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dataset Factors Coefficient  ± SE Signif.
Intercept 45.23 8.94 ***
T -0.61 0.36
LogTotBio 9.27 2.91 *
LogTotPP 6.45 2.98 ·
Intercept 17.88 1.52 ***
TotBio 0.02 0.01 ***
T 0.73 0.08 ***
PAR 0.07 0.03 ·
MLD 0.03 0.01 ***
Significance: *** <0.0001, ** <0.001, * <0.01, · <0.05
GD
AMTs
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Fig. 4.9 Scatterplot of species richness observed (Sobs, black dots) and standardized by 
sampling effort (by rarefaction, Sraref, grey dots, and by shareholder quorum sub-sampling, 
SSQS, white dots) as a function of (A) temperature, (B) nitrate concentration, (C) incident 
PAR, (D) phosphate concentration, (E) mixed layer depth, (F) silicate concentration, (G) total 
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biomass, and (H) total Chl a concentration. All data correspond to values measured at 
surface. 
 
 
IV.4. Discussion 
IV.4.1 Absence of latitudinal diversity gradient 
We explored the latitudinal distribution of marine phytoplankton species 
richness by using empirical data collected worldwide and avoiding some of 
the main shortcomings of previous analyses. When using raw data we found 
a modest/weak LDG and hotspots of diversity at intermediate latitudes. 
However, they both vanished after standardizing the observed number of 
species by sampling effort. This analytical technique allows the comparison 
of species richness from samples containing different cell densities (Gotelli 
& Colwell 2001). The LDG was equally absent when non-parametric 
estimators of species richness were used or by taking into account both 
species richness and evenness. This absence of latitudinal pattern is in 
accordance with previous findings for marine planktonic microorganisms 
(Hillebrand & Azovsky 2001, Cermeño et al. 2008b), though it is compatible 
with the bipolar distribution of some taxa, as found for marine bacteria (Sul 
et al. 2013) and a cyst-forming dinoflagellate species (Montresor et al. 
2003). However, as for our raw data, their observed distributions are likely 
to be partially influenced by the effects of undersampling (Rodríguez-Ramos 
et al. 2014). As suggested by Pedrós-Alió (2006), everything would be likely 
to be everywhere if rare taxa forming the seed bank of species were 
detectable by the existing methods. We thus reject the ‘species-energy’ 
hypothesis for explaining marine phytoplankton species richness, in 
accordance with that found for other types of ecosystems, like moist forest 
(Latham & Ricklefs 1993b). 
 
Some authors have instead proposed the existence of a strong latitudinal 
diversity pattern for microorganisms. For instance, Pommier et al. (2007) 
and Fuhrman et al. (2008) found that the species richness of marine 
planktonic bacteria was significantly correlated with latitude and 
temperature, yet their results are questionable for different reasons. In the 
first case, the analysis is based on only nine sampling points widely 
distributed around the world oceans, so the result is not strictly 
representative of a global pattern. In the second study, the authors report a 
substantial proportion of unexplained variation in diversity, limiting 
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potential interpretations about the nature of such a LDG for 
bacterioplankton. In both cases, the results might be also biased by 
differences in sampling effort and thus in the probability of detection of rare 
species. By using a global ocean ecosystem model Barton et al. (2010) 
predicted a decrease in phytoplankton diversity with increasing latitude, 
with hotspots of diversity at tropical and subtropical latitudes due to the 
coexistence of competitively equivalent species in constant environments. 
However, the robustness of their model results has been criticized arguing 
that minor deviations from their assumption of neutrality resulted in very 
different results (Huisman 2010), and observational supporting evidence is 
lacking. Recently, Stomp et al. (2011) have reported a LDG for freshwater 
phytoplankton diversity, but their results included data covering a limited 
latitudinal range (~25 to ~50°N). Finally, all these results are likely to be 
influenced by disparities in the probability of species detection along 
productivity gradients (Cermeño et al. 2013b). 
 
IV.4.2 Testing MTE’s prediction 
We found a linear tendency of Sobs and SChao1 to decline with inverse 
temperature, which however explained only a low percentage of species 
richness variability. Indeed, the relationships were best fitted by a quadratic 
model, in agreement with previous results reported for marine planktonic 
foraminifera (Rutherford et al. 1999) and several terrestrial taxa (Algar et al. 
2007). After standardizing species richness by sampling effort, our data 
were best fitted by a linear regression model, which explained only 1-4% of 
species richness variability. The resulting regression slopes (Table 4.2) were 
significantly lower than those predicted by the MTE (Brown et al. 2004). 
Thus, our results argue against the MTE, which predicts an exponential 
association between temperature and species richness, and add marine 
phytoplankton to the list of taxonomic groups that do not hold to the MTE’s 
predictions (Hawkins et al. 2007). 
 
From the results exposed in Chapter III, we know that traditional sampling 
protocols severely underestimate the number of rare species, present in 
low population abundances (Rodríguez-Ramos et al. 2014). Hence, the 
number of species detected is expected to be higher in productive 
ecosystems, wherein specific populations attain higher cell densities and 
species are more easily sampled in conventional (small) volume samples. 
This assertion is supported by the significant positive relationship found 
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between the number of observations per species and its total abundance 
(Fig. 4.2). Recently, Marañón et al. (2014) found that resource limitation 
attenuates the temperature-dependence of metabolic rates, so the 
variability in the phytoplankton biomass turnover rate (d-1) is driven by 
changes in resource supply, while it seems to be independent of seawater 
temperature. Their results imply (omitting the effect of processes of 
biomass loss) a similar lack of dependence between the number of 
observed species and temperature, in agreement with our conclusions. 
 
IV.4.3 Absence of productivity-diversity pattern 
We performed an extensive analysis about the shape and nature of the PDR 
over regional and seasonal scales. The observed pattern based on raw data 
collected globally (a quadratic model explaining ~22 % of local community 
diversity (Sobs) as a function of local biomass, Table 4.3) supported, though 
with a large scatter of data, the long-standing idea of a unimodal 
dependence of diversity on ecosystem’s productivity. However, changes in 
community biomass were unable to explain diversity variability for the other 
4 expressions of diversity, regardless of the region (Table 4.3) or seasonal 
period (Table 4.4). These results support our conclusions in Chapter II 
(Cermeño et al. 2013b) and those of Adler et al. (2011) suggesting that 
diversity and productivity are not linked mechanistically, for marine 
phytoplankton and primary producers in terrestrial ecosystems, 
respectively. 
 
IV.4.4 Factors explaining diversity patterns 
The pairwise correlation analysis confirmed the absence of relationship 
between diversity and latitude, productivity or temperature, and revealed 
as well that no other single environmental or biological variable was able to 
explain per se a significant amount of variability in species richness. We thus 
used a stepwise multiple regression analysis to explain the combined 
influence of several factors upon diversity patterns, a method which has 
been satisfactorily used in previous works for a variety of organisms. For 
example, Stomp and colleagues found that freshwater phytoplankton 
diversity was significantly affected by temperature, Chl a concentration, and 
lake area and depth, explaining more than 50% of the total variation in the 
data set (Stomp et al. 2011). Recently, Azovsky and Mazei determined that 
the species richness of marine benthic ciliates was highly dependent on 
salinity and investigation effort, which together explained about 90% of 
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species richness variability (Azovsky & Mazei 2013). In the present study, 
however, the multiple-drivers model explained only a minor percentage of 
species richness variability (~36% and ~13% for AMTs and GD datasets, 
respectively). We suggest two potential, non-exclusive explanations for this 
result. First, conventional sampling methods systematically overlook the 
number of rare species (Rodríguez-Ramos et al. 2014), which leads to 
spurious relationships if these are built upon raw data (Cermeño et al. 
2013b). Second, niche and neutral mechanisms act simultaneously to 
modulate the composition of local communities. In this scenario the identity 
of dominant species is determined primarily by local environmental 
selection, while the pool of rare taxa is more dependent on neutral 
processes such as dispersal and demographic stochasticity, which override 
the effects of historical processes and environmental forcing on the 
biogeographic distribution of species. 
 
Our results agree with the view that the diversity of small-sized organisms is 
more affected by large-scale processes than that of macroorganisms 
(Hillebrand & Azovsky 2001, Finlay 2002, Fenchel & Finlay 2004). Emergent 
hypotheses (Holt 2006, Vergnon et al. 2009, Segura et al. 2011) suggest that 
neutrality can arise from ecological and evolutionary interactions among 
species, giving rise to groups of similar, coexisting species. According to our 
results, niche- and neutral-based processes might not be mutually exclusive 
but concurrent drivers of diversity patterns and community composition. 
Passive dispersal of individuals gives rise to a seed bank of species (over 
relatively long time scales), from which only a few are environmentally 
selected (over short time scales). 
 
As a corollary, we conclude that the use of non-uniform sampling effort 
along productivity gradients distorted the patterns of (non-equalized) 
diversity reported previously. Sampling biases and insufficient data are key 
issues affecting the estimates of diversity and previous reports on the 
biogeographic distribution of microorganisms. New surveys applying 
increased sampling efforts and standardized techniques are required in 
order to obtain meaningful and comparable estimates of phytoplankton 
species richness and community composition. These are key objectives for a 
better understanding of the spatial and temporal distribution of microbial 
plankton species, as well as the linkage between community structure and 
ecosystem functioning. 
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Introduction 
The number of species that form marine phytoplankton communities and 
their taxonomic composition have important implications for ecosystem 
functioning. For instance, it has been suggested that primary productivity in 
the ocean is related to the diversity of phytoplankton communities (Irigoien 
et al. 2004). Likewise, a recent study has shown that diversity controls 
resource use efficiency and strength the stability of communities against 
perturbations (Ptacnik et al. 2008). However, since the discovery that 
microbial communities contain a large proportion of rare species, in low 
population abundances, ecologists have realized the importance of 
accurately determining the species richness of natural communities in order 
to gain a better understanding of the patterns of diversity and the processes 
underlying them. Furthermore, microbial plankton ecologists have long 
been concerned about the problem of species detection. Conventional 
sample sizes are smaller than the size of the communities, limiting our 
ability to obtain accurate estimates of diversity and hence the correct 
characterization of diversity patterns (Woodcock et al. 2006). 
 
With the final goal of understanding the relationship between the processes 
that determine community assembly and the resulting patterns of 
phytoplankton diversity, we need to take into account their physiology and 
ecology, as well as the different scales of environmental variability. This 
issue is key to provide meaningful patterns in diversity that otherwise are 
influenced by sampling artifacts. As drifting organisms, phytoplankton live in 
constant motion and their communities are affected by changing 
boundaries. Our current methodologies consist on identifying species within 
discrete, small volumes of seawater and therefore suffer from low 
resolution in relation to the size of communities and the temporal scales at 
which these organisms grow. The extent to which these practices are able 
to characterize phytoplankton community composition and structure must 
be assessed. 
 
Synthesis and discussion 
102 
 
In this Thesis, we have tested for the first time the extent to which 
conventional sampling methods are able to provide accurate estimates of 
phytoplankton species richness. We have explored the level of 
undersampling on areas of contrasting productivity, and we have tested the 
effect of increasing sampling effort on the estimates of species richness. In 
addition, by using a compilation of global data on phytoplankton community 
composition and environmental variables, and after standardizing estimates 
of species richness by sampling effort, we have re-assessed the global 
patterns of marine phytoplankton diversity and tested the predictions of the 
main theories and hypothesis proposed to explain them. 
 
 
V.1 Differential undersampling of species in areas of contrasting 
productivity 
The species-abundance distribution (SAD) has been classically assumed to 
be representative of the processes underlying the distribution of individuals 
among species. For instance, the canonical lognormal appears when many 
independent factors act together to structure communities (Nee et al. 
1991), while deviation from the log-normality is indicative of an increasingly 
important role of dispersal (Ulrich & Ollik 2004). Right-skewed lognormal 
SADs are thought to be a consequence of small sample sizes and incomplete 
censuses of the species in the local community (Preston 1948, Nee et al. 
1991). Indeed, much evidence suggests that the right-skewed lognormal 
shifts into a canonical lognormal by increasing sampling effort, which unveils 
the true (complete) distribution (Dornelas & Connolly 2008). 
 
We analyzed and compared the SADs of communities from coastal areas 
versus oceanic environments. We found that in productive ecosystems most 
of the species were clustered around intermediate and low abundance 
classes, while in unproductive oceanic waters the SADs tended to be 
lognormal in shape but truncated on the left. We then tested the unveiling 
of the SAD as sampling effort increases by using data from conventional 
versus increased samples collected in the less productive winter season in 
the Ría de Vigo. We found that in small, conventional samples of 50 mL, 
SADs were right-skewed lognormal (as in tropical communities), while the 
canonical lognormal emerged only after increasing the sampling effort by 
10-fold (500-mL sample). These results suggest that the underestimation of 
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species richness is particularly important in ecosystems of low productivity 
and that conventional sampling efforts are insufficient to accurately 
characterize the SAD of natural communities, respectively. 
 
We then obtained sampling-standardized datasets by applying individual-
based rarefaction analyses (Gotelli & Colwell 2001) and the shareholder 
quorum sub-sampling (SQS) method (Alroy 2010b)). These analytical 
techniques allowed obtaining comparable estimates of species richness 
across ecosystems of different productivity. Contrary to previous reports, 
our analyses revealed a lack of correlation between the number of species 
and the biomass of phytoplankton (used here as a proxy for productivity) 
across the range of habitats included in the analysis, using raw (sample-
based) data or after pooling together samples from regions of similar 
productivity. These results support the idea that ecosystem productivity is a 
poor predictor of diversity for marine phytoplankton, as shown by (Adler et 
al. 2011) for land plants. 
 
 
V.2 Conventional sampling methods severely underestimate 
species richness 
Due to the high cell densities found in natural seawater samples, together 
with the limitations imposed by the Utermöhl method, it has been 
traditionally assumed that a few milliliters of seawater are representative of 
the test community in terms of its species composition. The volume of 
sample has been conventionally used as the ‘standard’ for defining sampling 
effort. However, the extent to which these small volumes of sample are able 
to accurately detect phytoplankton species richness has rarely been 
checked. 
 
We took conventional and increased volumes of seawater from natural 
communities in the Ría de Vigo at moments of different productivity, under 
“winter” and “bloom” conditions, characterized by very different structures 
of the water column (high vertical-mixing and thermal stratification, 
respectively) and of the community (low biomass and high evenness, and 
viceversa, respectively). In addition, we took samples from synthetic 
communities generated under a neutral community model configuration, 
using an increase in sampling effort equivalent to that in the empirical 
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sampling. We tested also the role of turbulent mixing (or, contrarily, cell 
aggregation) in the likelihood of species detection by taking samples from 
communities created under a wide range of dispersal scenarios, such that 
the higher the dispersal in the model, the higher the level of mixing and 
hence higher homogeneity in the spatial distribution of individuals within 
the synthetic community. The species-accumulation curves constructed 
from both approaches clearly showed that conventional protocols lead to a 
severe underestimation of total species richness. Specifically, around 50% of 
the total species richness is missed by conventional sampling efforts, 
independently of the environmental conditions or “community type”. 
However, the dissimilarity in species composition between conventional and 
increased samples was found to be higher in high-biomass, uneven 
situations (“bloom”). This result suggests that the conditions determining 
species evenness could be a very important determinant of the likelihood of 
detection of rare species, which are harder to detect in very uneven 
communities. In addition, our analyses suggest that the probability of 
detecting new species is a positive function of the turbulence of the system, 
with the patterns of community structure being linked to the 
hydrodynamics of the water column (Margalef 1974). 
 
We have discussed how the systematic undersampling of rare species might 
have biased diversity measurements, which casts doubt on our current 
knowledge about important descriptors of marine phytoplankton 
communities, such as species richness distribution, size-structure or species-
abundance distributions, and macroecological patterns such as the species-
area or the diversity-productivity relationships. 
 
Our results pointed towards the possibility of a homogeneous distribution of 
species richness in the global ocean. But even if species are ubiquitously 
distributed in space, it does not imply that their relative abundances are 
constant in time at each given location. The variability of communities in 
their species-abundance distribution and in the relative abundance of 
different functional groups under variable conditions, according to their 
species-specific traits, could be the ultimate key to understand the effect of 
community composition over ecosystem functioning, especially in 
fluctuating environments. As suggested by Caporaso et al. (2012) for 
prokaryotic communities, we argue that marine phytoplankton communities 
might be formed by a relatively stable or persistent collection of species. 
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The famous statement “everything is everywhere, but, the environment 
selects” (Baas Becking 1934) would apply to phytoplankton relative 
abundances, instead of to species identities. The rare component of the 
community would be thus a fundamental diversity reservoir which allows 
maintaining ecosystem functioning when the dominant fraction fails due to 
fluctuations in the environment (Yachi & Loreau 1999). 
 
 
V.3 Absence of pattern for global phytoplankton diversity  
Considering our previous results, we tested the extent to which sampling 
biases may have obscured our perception of the patterns of distribution of 
marine phytoplankton diversity. Our final goal was to ascertain whether 
large-scale variability in the diversity of marine planktonic microorganisms 
follows similar patterns as those observed for macroorganisms. 
 
By using data compiled at global scale (GD) as well as along 4 Atlantic 
Meridional Transects (AMTs), we analyzed marine phytoplankton diversity 
as a function of latitude, temperature, primary productivity and several 
environmental (e.g., the depths of the nitracline and of the mixing layer, 
temperature, etc.) and biological variables (e.g., primary productivity or Chl 
a concentration). We tested the predictions of the main theories proposed 
to explain macroecological patterns of diversity distribution, such as the 
latitudinal diversity gradient, the metabolic theory of ecology, or the 
productivity-diversity relationship, as well as the cumulative effect of 
several drivers which, acting together, determine diversity patterns. For the 
first time, we explored these relationships after standardizing the observed 
estimates of species richness by differences in sampling effort.  
 
The “hotspots” of diversity at intermediate latitudes almost disappeared. 
Besides, neither temperature nor primary productivity, as diagnostics of 
energy supply, or any other variable or combination of variables, were able 
to explain a significant percentage of the variability in the distribution of 
phytoplankton species richness.  
 
Our results suggest that the latitudinal diversity gradient observed 
previously for microorganisms (Fuhrman et al. 2008, Stomp et al. 2011) as 
well as other macroecological patterns might be the result of differences in 
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sampling effort along productivity gradients and sampling biases in the 
detection of rare species. We concluded that broad-scale processes, such as 
passive dispersal and recurrent habitat re-colonization, dominate the 
patterns of marine phytoplankton species richness. 
 
 
V.4 Methodological improvements  
In the light of the results reported and discussed within this Thesis, we 
suggest that traditional sampling methods must be reviewed. Accurate 
estimates of marine phytoplankton species richness are needed and our 
view of how marine planktonic species assemble to form communities must 
be updated. We have shown the value of some analytical methods to obtain 
standardized datasets and estimates of species richness comparable across 
ecosystems. 
 
We consider that the following suggestions can contribute to improve 
current methodologies and resulting data: 
 
1. Sampling effort must be increased until reaching an optimal sample size. 
Replicate subsamples from the same sampling device and/or larger sample 
sizes have been demonstrated to produce higher estimates of species 
richness by increasing the number of rare species recovered. 
 
2. New sampling surveys are needed in order to obtain data on actual 
species composition and abundance from a variety of habitats, under very 
different oceanographic and biological conditions, and covering annual 
cycles of environmental seasonality. From each collection of replicated 
subsamples species-accumulations curves must be constructed with the aim 
of determining the minimum sampling effort needed to obtain meaningful 
estimates of species richness. We should investigate as well the extent to 
which optimum sampling efforts vary across ecosystems. 
 
3. The volume of seawater settled for microscopy analyses is dependent on 
the concentration of Chl a in seawater, such that the higher the Chl a 
concentration, the higher the biomass and hence the lower the volume of 
sample to be settled. However, in many instances, the total number of 
individuals and more importantly, their distribution among species, differs 
significantly across ecosystems. To circumvent this limitation, it is critical to 
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construct species-accumulation curves, which might however be site-
specific and might suggest different relationship between Chl a 
concentration and the volume of sample needed to obtain comparable 
estimates of species richness. When this relationship is not available, it is 
essential to incorporate standardization techniques in order to obtain 
comparable estimates of species richness, thus making meaningful 
comparisons of community diversity between systems (Gotelli & Colwell 
2001). 
 
 
As a corollary, from the work developed within this Thesis we conclude that 
most of the past work regarding marine (and probably freshwater) 
phytoplankton diversity must be carefully interpreted. Although more data 
are needed to corroborate our results, they show that we have been 
systematically underestimating the number of species composing natural 
communities. Our analyses suggest that the main cause of this 
underestimation is the undersampling of rare species, in low population 
abundances, when using small, conventional sample sizes. These 
measurements, however, would be valid to characterize the dominant 
fraction of the community. 
 
Importantly, these sampling biases are dependent on the structure of the 
community and species evenness, as well as on the spatial distribution of 
individuals. Our results suggest that the lower the evenness and/or the 
homogeneity of the spatial distribution of individuals, the higher the level of 
underestimation. Consequently, most of our knowledge about the patterns 
of marine phytoplankton diversity, based on conventional sampling 
methods, might be the result of sampling artifacts. 
 
The results obtained after standardizing the estimates of species richness by 
sampling effort suggest that a large pool of species persist in the ocean as a 
spatially homogeneous component, which is consistent with the idea that 
microbial plankton species possess broad spatial distributions. 
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Conclusions 
 
1. Conventional sample sizes produce right-skewed lognormal species-
abundance distributions (SADs), while increased sampling effort unveils a 
lognormal SAD, indicating that insufficient sample size precludes the 
observation of the true distribution. 
 
2. Conventional sample methods produce right-skewed lognormal species-
abundance distributions (SADs) in low productive areas and lognormal SADs 
in productive waters, so the undersampling of species may be especially 
important in low-productive areas. 
  
3. The number of species observed doubled after a 10-fold increase in the 
volume of sample with respect to conventional samples, implying that 
estimates of phytoplankton species richness depend critically on sampling 
effort. This conclusion suggests that marine phytoplankton communities are 
more diverse than previously estimated. 
 
4. The main cause of species richness underestimation is a systematic 
undersampling of rare species, which contribute to a large fraction of the 
total species richness in marine phytoplankton communities. 
 
5. The probability of sampling new species in a productive ecosystem (Ría de 
Vigo) with increasing sampling effort was higher in “winter” samples, 
characterized by higher evenness than “bloom” samples, where most of the 
individuals belong to a few species. 
 
6. There is no relationship between ecosystem productivity (approximated 
as phytoplankton biomass) and sampling-standardized estimates of species 
richness. This result argues against the idea that phytoplankton diversity 
peaks at intermediate levels of primary production, and suggests that these 
two fundamental properties of marine phytoplankton communities, viz. 
diversity and productivity, might not be linked mechanistically. 
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7. Marine phytoplankton do not show a latitudinal diversity gradient, and 
the “hotspots” of diversity at intermediate latitudes almost disappear after 
standardizing the estimates of species richness by sampling-effort. 
 
8. Neither the latitudinal environmental gradient nor the metabolic theory 
of ecology or the productivity-diversity relationship were able to explain a 
significant amount of variability of phytoplankton species richness 
distribution at global scale or along the Atlantic Ocean. Besides, no 
environmental or biological variable individually, or any group of variables 
acting together, were able to explain the patterns of diversity. 
 
9. Our results suggest the need to perform species-accumulation curves to 
define optimal sample sizes. Improved sampling methods will provide more 
accurate (and higher) estimates of species richness and sampling-
standardized data sets, which is critical to compare estimates across 
ecosystems. 
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Appendix 1. Glossary 
 
 
 
 
Term Definition Reference(s)
Assemblage
A phylogenetically defined group of organisms 
that cooccur in space and time
Fauth et al. (1996)
Biogeography
The study of the distribution of species and 
ecosystems at large (indeed global) spatial 
scale and through geological time
Ricklefs & Jenkins 
(2011)
Carrying capacity
Maximum number of organisms that a system 
is able to support
Lalli & Parsons (1997)
Coexistence
The indefinite persistence of a specified set of 
species in a specified area
Vellend (2010) 
Community 
dynamics
Changes over time in the relative abundances 
of species in a specified area, including 
extinctions and species additions via dispersal 
or speciation
Vellend (2010) 
Community 
ecology
The study of patterns in the diversity, 
abundance, and composition of species in 
communities, as well as the processes 
underlying these patterns
Vellend (2010) 
Community size Total number of organisms in a community Vellend (2010) 
Community 
structure
Number of taxonomic units (e.g. species) in a 
community as well as their relative 
abundances
Nemergut et al. 
(2013)
Dispersal The movement of organisms across space Vellend (2010) 
Diversification
Level of change in species richness in a given 
system due to the balance between 
speciation and extinction events
Currie et al. (2004)
Drift
Changes in species relative abundances due to 
estochastic variability in demographic 
parameters
Vellend (2010) 
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Term Definition Reference(s)
Ecological 
community
A group of trophically similar species that 
actually or potentially compete in a local area 
at a given time for the same or similar 
resources
Hubbell (2001)
Evenness
A measure of how similar species are in terms 
of their abundances
Magurran (2004)
Extinction The loss of a species Currie et al. (2004)
Macroecology
The study of the relationship between 
organisms and their environments by 
characterizing and explaining statistical 
patterns with the aim of finding universal laws 
across biomes and taxa emerging from the 
statistical phenomenology of a large number 
of observations 
 Brown (1995), Gaston 
& Blackburn (2000), 
Witman & Roy (2009)
Metacommunity
All the trophically similar individuals belonging 
to potentially interacting species in a regional 
collection of local communities linked by 
dispersal of individuals
Hubbell (2001), Holt 
(2006)
Neutrality
The hypothesis that differences in species 
traits do not either affect the chances of that 
species being present or absent in a 
community, or influence changes in their 
relative abundances, because all individual 
organisms share identical demographic 
properties
Hubbell (2001), Holt 
(2006)
Richness
Number of taxonomic units (e.g. species) in a 
community
Gotelli & Graves 
(1996)
Selection
Deterministic fitness differences among 
species due to interactions among them, or 
between species and their environments; 
equivalent terms are 'species sorting', 
'deterministic factors' or 'environmental 
filters'.
Jablonski (2008), 
Vellend (2010)
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Term Definition Reference(s)
Speciation The creation of new species Vellend (2010) 
Species density
Number of organisms of a given species per 
unit of space (surface or volume)
Vellend (2010) 
Species relative 
abundance
The proportion of all organisms in a given area 
that are of a given species; equivalent to 
species frequency
Vellend (2010) 
Stardardized 
richness
Number of taxonomic units (e.g. species) in a 
community, normalized by the sampling effort 
(number of individuals sampled)
Gotelli & Colwell 
(2001)
α-diversity
An inventory metric that expresses the 
diversity at the smallest spatial scale of 
analysis, or 'local diversity' 
Whittaker (1956), 
Magurran (2004)
β-diversity
A differentiation diversity metric that refers 
to turnover at the landscape scale, i.e., 
between local communities, express 
differences in species composition between 
sampling sites at the regional scale (i.e., α-
diversity relative to γ-diversity)
Whittaker (1956), 
Magurran (2004), 
Anderson (2011)
γ -diversity
An inventory metric that expresses the 
diversity at the regional scale
Nemergut et al. 
(2013)
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Appendix 2. Community composition 
List of the species identified in the samples from the Ría de Vigo in a) 
“winter” (S1, February 14th 2012) and b) “bloom” (S2, March 30th 2012) 
conditions, as well as their taxonomic affiliation (DIAT, diatoms; DINO, 
dinoflagellates; CIL, ciliates; SILIC, silicoflagellates) and trophic state (A, 
autotrophic; H, heterotrophic), the percentage of abundance contributed by 
each species to the total abundance in the sample (N), and their occurrence 
(the number of conventional samples (n=10) in which the species was 
detected). 
 
a) Winter (S1) 
 
Total Abundance in 500 mL N1 = 30487 cells
Species Taxa
Trophic 
state
Taxonomic 
group
% N1 Presences
1 Bacteriastrum sp. cf. delicatulum A DIAT 0.016 2
2 Medium-sized centric diatom A DIAT 1.201 8
3 Small-sized centric diatom A DIAT 5.963 10
4 Cerataulina pelagica A DIAT 0.007 2
5 Chaetoceros cf. convolutus A DIAT 0.016 3
6 Chaetoceros curvisetus A DIAT 1.371 10
7 Chaetoceros debilis A DIAT 0.968 9
8 Chaetoceros cf. decipiens A DIAT 0.007 1
9 Chaetoceros didymus A DIAT 0.013 1
10 Chaetoceros cf. difficilis A DIAT 8.745 10
11 Chaetoceros similis A DIAT 1.886 10
12 Small-sized Chaetoceros  sp. A DIAT 18.388 10
13 Single-celled Chaetoceros  sp. A DIAT 0.981 7
14 Corethron criophylum type A A DIAT 0.046 6
15 Corethron criophylum  type B A DIAT 0.194 9
16 Coscinodiscus wailesii A DIAT 0.056 8
17 Medium-sized Coscinodiscus  sp. A DIAT 0.046 5
18 Cylindrotheca closterium A DIAT 0.003 1
19 Small-sized Cylindrotheca closterium A DIAT 0.548 4
20 Detonula pumila A DIAT 0.213 10
21 Diploneis sp. A DIAT 0.003 1
22 Ditylum brightwellii A DIAT 0.023 5
23 Guinardia delicatula A DIAT 0.007 1
24 Guinardia flaccida A DIAT 0.007 1
25 Licmophora sp. A DIAT 0.010 3
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Species Taxa
Trophic 
state
Taxonomic 
group
% N1 Presences
26 Paralia sulcata A DIAT 1.273 10
27 Large-sized, squared, pennate diatom A DIAT 0.020 5
28 Medium-sized, pennate diatom A DIAT 0.010 2
29 Small-sized, pennate diatom A DIAT 1.155 7
30 Pleurosigma sp. A DIAT 0.016 4
31 Pseudo-nitzschia cf. seriata  type A A DIAT 1.007 10
32 Pseudo-nitzschia cf. seriata type B A DIAT 1.460 10
33 Rhizosolenia imbricata A DIAT 0.062 5
34 Skeletonema costatum A DIAT 0.020 2
35 Stephanopyxis turris A DIAT 0.039 6
36 Thalassiosira rotula A DIAT 4.910 10
37 Amphidinium flagellans A DINO 2.700 10
38 Amphidinium sphenoides A DINO 0.085 5
39 Medium-sized Amphidinium  sp. A DINO 0.246 3
40 Medium-sized Cochlodinium  sp. A DINO 0.102 8
41 Large-sized, non-thecate dinoflagellate A DINO 0.046 4
42 Small-sized, non-thecate dinoflagellate A DINO 3.651 10
43 Large-sized, dark, thecate dinoflagellate A DINO 0.023 3
44 Medium-sized, thecate dinoflagellate cf. 
Diplopsalis
H DINO 0.013 3
45 Medium-sized, thecate dinoflagellate cf. 
Protoperidinium
H DINO 0.072 4
46 Large-sized, thecate dinoflagellate cf. 
Ptychodiscus
A DINO 0.056 9
47 Medium-sized, dark, thecate dinoflagellate A DINO 0.016 2
48 Medium-sized, brown, thecate 
dinoflagellate
A DINO 0.125 2
49 Medium-sized, round, thecate 
dinoflagellate
A DINO 0.069 3
50 Small-sized, thecate dinoflagellate A DINO 0.121 1
51 Dinophysis acuminata A DINO 0.016 3
52 Dinophysis acuta A DINO 0.003 1
53 Gonyaulax cf. spinifera A DINO 0.062 1
54 Large-sized Gymnodinium  sp. A DINO 0.052 6
55 Medium-sized Gymnodinium  sp. A DINO 0.095 5
56 Small-sized Gymnodinium  sp. type A A DINO 2.309 8
57 Small-sized, Gymnodinium  sp. type B A DINO 3.897 8
58 Very-small sized Gymnodinium  sp. A DINO 15.344 10
59 Very small-sized, yellow Gymnodinium sp. A DINO 6.209 9
60 Fusiform Gyrodinium cf. H DINO 0.033 5
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Species Taxa
Trophic 
state
Taxonomic 
group
% N1 Presences
61 Gyrodinium cf. spirale H DINO 0.092 10
62 Medium-sized Gyrodinium  sp. A DINO 0.157 6
63 Small-sized Gyrodinium  sp. A DINO 1.706 8
64 Heterocapsa niei A DINO 4.146 8
65 Micracanthodinium sp. A DINO 0.062 1
66 Oxytoxum cf variabile A DINO 0.125 2
67 Phalacroma rotundatum H DINO 0.013 4
68 Pronoctiluca spinifera H DINO 0.003 1
69 Protoperidinium bipes H DINO 1.978 10
70 Protoperidinium cf. cerasus H DINO 0.020 3
71 Protoperidinium cf. crassipes H DINO 0.010 2
72 Protoperidinium divergens H DINO 0.010 2
73 Protoperidinium leonis H DINO 0.023 4
74 Pyrocystis lunula A DINO 0.003 1
75 Scrippsiella trochoidea A DINO 0.062 1
76 Torodinium robustum A DINO 0.115 10
77 Large-sized ciliate H CIL 0.003 1
78 Medium-sized ciliate H CIL 0.069 3
79 Small-sized ciliate type A H CIL 0.184 2
80 Small-sized ciliate type B H CIL 0.364 2
81 Large-sized, oligotrophic ciliate H CIL 0.092 5
82 Large-sized, oligotrophic, conic ciliate H CIL 0.069 4
83 Large-sized, oligotrophic, thin-conic ciliate H CIL 0.010 2
84 Large-sized, oligotrophic, dark ciliate H CIL 0.016 2
85 Medium-sized, oligotrophic ciliate H CIL 0.236 5
86 Small-sized, oligotrophic, round ciliate H CIL 2.253 10
87 Mesodinium rubrum A CIL 1.725 10
88 Strombidium cornutum H CIL 0.059 8
89 Strombidium cf. reticulatum H CIL 0.043 8
90 Tiarina fusus H CIL 0.003 1
91 Dictyocha speculum A SILIC 0.315 10
nº spp %
total species richness 91
always present 19 20.88
present at >50% of samples 38 41.76
present at ≤50% of samples 53 58.24
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b) Bloom (S2) 
 
 
Total Abundance in 50 mL N2 = 70022 cells
Species Taxa
Trophic 
state
Taxonomic 
group
% N2 Presences
1 Asterionellopsis glacialis A DIAT 1.198 10
2 Asteromphalus sp. A DIAT 0.021 9
3 Small-sized, benthic diatom A DIAT 0.053 1
4 Medium-sized, centric diatom A DIAT 0.013 5
5 Small-sized centric diatom A DIAT 0.477 6
6 Cerataulina pelagica A DIAT 0.668 10
7 Chaetoceros curvisetus A DIAT 3.763 10
8 Chaetoceros debilis A DIAT 7.388 10
9 Chaetoceros cf. decipiens A DIAT 0.004 1
10 Medium-sized Chaetoceros  sp. A DIAT 0.001 1
11 Small-sized, Chaetoceros  sp A DIAT 10.298 10
12 Single-celled Chaetoceros  sp. A DIAT 0.745 8
13 Cylindrotheca closterium A DIAT 0.003 1
14 Dactyliosolen fragilissimus A DIAT 0.795 10
15 Diploneis sp. A DIAT 0.001 1
16 Guinardia delicatula A DIAT 53.139 10
17 Guinardia flaccida A DIAT 1.171 10
18 Leptocylindrus danicus A DIAT 0.010 2
19 Meuniera membranacea A DIAT 0.003 1
20 Large-sized, fusiform, pennate diatom A DIAT 0.001 1
21 Small-sized, pennate diatom A DIAT 0.159 2
22 Pleurosigma sp. A DIAT 0.013 7
23 Pseudo-nitzschia cf. delicatissima A DIAT 8.827 10
24 Pseudo-nitzschia cf. seriata A DIAT 0.166 10
25 Rhizosolenia imbricata A DIAT 0.060 9
26 Rhizosolenia setigera A DIAT 0.004 2
27 Stephanopyxis turris A DIAT 0.010 4
28 Amphidinium flagellans A DINO 1.090 10
29 Amphidinium sphenoides A DINO 0.001 1
30 Medium-sized Amphidinium  sp. A DINO 0.059 4
31 Small-sized Amphidinium  sp. A DINO 0.053 1
32 Ceratium furca A DINO 0.007 3
33 Ceratium fusus A DINO 0.001 1
34 Ceratium cf. tripos A DINO 0.001 1
35 Medium-sized Cochlodinium  sp. A DINO 0.001 1
36 Medium-sized, non-thecate dinoflagellate A DINO 0.001 1
37 Small-sized, non-thecate dinoflagellate A DINO 0.637 7
38 Large-sized, thecate dinoflagellate cf. 
Protoperidinium
H DINO 0.004 3
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nº spp %
total species richness 73
always present 18 24.7
present at >50% of samples 35 47.9
present at ≤50% of samples 38 52.1
Species Taxa
Trophic 
state
Taxonomic 
group
% N1 Presences
39 Medium-sized, thecate dinoflagellate cf. 
Diplopsalis
H DINO 0.001 1
40 Medium-sized, thecate dinoflagellate cf. 
Protoperidinium
H DINO 0.006 3
41 Large-sized thecate dinoflagellate cf. 
Ptychodiscus
A DINO 0.013 5
42 Medium-sized thecate dinoflagellate A DINO 0.073 8
43 Small-sized thecate dinoflagellate A DINO 0.398 7
44 Dinophysis acuminata  type A A DINO 0.431 10
45 Dinophysis acuminata type B A DINO 0.054 10
46 Medium-sized Gymnodinium  sp. A DINO 0.031 3
47 Very small-sized Gymnodinium  sp. A DINO 4.777 10
48 Gymnodonium cf. varians A DINO 0.026 9
49 Gyrodinium cf. spirale H DINO 0.046 10
50 Medium-sized Gyrodinium  sp. A DINO 0.041 6
51 Small-sized Gyrodinium  sp. A DINO 0.954 10
52 Heterocapsa niei A DINO 1.010 8
53 Oxytoxum cf. adriaticum A DINO 0.001 1
54 Oxytoxum variabile A DINO 0.027 1
55 Round Oxytoxum sp. A DINO 0.001 1
56 Phalacroma rotundatum H DINO 0.020 9
57 Prorocentrum micans A DINO 0.016 5
58 Prorocentrum minimum A DINO 0.213 2
59 Protoperidinium bipes H DINO 0.056 3
60 Protoperidinium cf. cerasus H DINO 0.003 2
61 Protoperidinium cf. crassipes H DINO 0.069 9
62 Protoperidinium depressum H DINO 0.001 1
63 Protoperidinium cf pellucidum H DINO 0.003 2
64 Pyrocystis lunula A DINO 0.001 1
65 Scrippsiella trochoidea A DINO 0.004 2
66 Torodinium robustum A DINO 0.036 8
67 Medium-sized ciliate H CIL 0.199 8
68 Large-sized, oligotrophic ciliate H CIL 0.043 10
69 Medium-sized, oligotrophic ciliate H CIL 0.140 10
70 Small-sized, oligotrophic, round ciliate H CIL 0.371 7
71 Mesodinium rubrum A CIL 0.003 2
72 Strombidium cornutum H CIL 0.009 5
73 Dictyocha speculum A SILIC 0.073 7
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Introducción 
 
Procesos que determinan el ensamblado de especies para formar 
comunidades 
La variedad de procesos que actúan sobre el ensamblado de las especies 
para formar comunidades ecológicas se clasifican en cuatro categorías 
fundamentales: selección, dispersión, especiación y deriva ecológica. En la 
actualidad no se ha llegado todavía a un consenso, especialmente cuando se 
habla de comunidades microbianas, en cuanto a su importancia relativa 
para determinar el ensamblado de especies y por tanto la formación de las 
comunidades. 
 
En esta Tesis se ha usado un marco teórico general en el cual las especies se 
añaden a una comunidad vía especiación y dispersión, mientras que sus 
abundancias relativas son determinadas por procesos de selección y deriva, 
además de la dispersión en curso, que conjuntamente determinan la 
dinámica de la comunidad (Fig. 1). La selección representa el producto 
determinístico de la interacción entre especies locales que pertenecen a 
grupos funcionales diferentes, con rasgos biológicos intrínsecos y 
diferenciadores, o entre ellas y el medio local en el que viven (Jablonski 
2008, Vellend 2010). La especiación incluye el conjunto de procesos que dan 
lugar a la generación de nuevas especies. La deriva ecológica se define 
como la variación en la abundancia relativa de las especies debida 
exclusivamente a cambios estocásticos en los parámetros demográficos 
(mortalidad y reproducción) y no a algún tipo de ventaja competitiva 
conferida por un rasgo específico, como en el caso de la selección. 
Finalmente, la dispersión engloba todos aquellos procesos que provocan la 
movilidad de los individuos en el espacio. 
 
Principales patrones de diversidad 
Muchos estudios de diversidad han fijado su atención en patrones a gran 
escala, tanto espacial como temporal. Algunos de estos patrones se 
proponen para micro- y macro-organismos (Horner-Devine et al. 2004), 
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aunque también se han reportado importantes diferencias entre ellos 
(Hillebrand & Azovsky 2001, Azovsky 2002) que podrían ser debidas a 
algunas característica intrínsecas de los microorganismos. Por ejemplo, su 
pequeño tamaño se traduce en poblaciones extremadamente abundantes, 
lo que favorece su capacidad de dispersión (Finlay & Clarke 1999). Por otra 
parte, su capacidad de entrar en estado de latencia, común en muchas 
especies, crea un reservorio de diversidad genética (Jones & Lennon 2010). 
Además, sus cortos tiempos de generación (Dolan 2005) provocan una 
respuesta muy rápida a las variaciones ambientales y tasas de especiación 
mucho mayores que las de los macroorganismos (Lenski et al. 1991). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Procesos que determinan el ensamblado de la comunidad y algunos de los patrones 
de diversidad derivados. Esquema modificado a partir de Vellend (2010). Los efectos 
positivos y negativos sobre el número de especies se representan mediante flechas verdes y 
naranjas, respectivamente. Las interacciones potenciales entre factores no se representan 
por simplicidad del esquema. 
 
A la hora de caracterizar las comunidades ecológicas y la distribución de la 
diversidad, podemos destacar por su relevancia los siguientes patrones: 
 
- La distribución especies-abundancia (SAD) describe la forma en que 
los individuos se reparten entre las especies que forman una comunidad. 
Esta distribución se construye mediante un histograma compuesto por 
octavas o clases de abundancia en escala log2, de forma que cada octava se 
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define como el doble del rango de abundancia que representa la octava 
anterior y en cada una se indica el número de especies en ese rango de 
abundancia. Se asume que la forma universal de la SAD para cualquier tipo 
de organismo es lognormal (Preston 1948), es decir, la fracción de especies 
con n individuos es una función Gausiana de log(n). Preston introdujo 
también el concepto de “línea de velo” para describir la relación entre la 
SAD real de una comunidad y aquélla que encontramos cuando tomamos 
una pequeña muestra de la misma (Chisholm 2007). Cuánto más pequeña 
sea la muestra con respecto a la comunidad original, más lejos estará la 
“línea de velo” del margen izquierdo de la SAD real de la comunidad (Fig. 2). 
Consecuentemente, sólo al ir incrementando la intensidad de muestreo 
podremos retirar progresivamente el “velo” y observar finalmente las 
especies más raras (Longino et al. 2002, Connolly et al. 2005). 
 
- El gradiente latitudinal de diversidad (LDG) describe la disminución 
de diversidad desde el ecuador hacia los polos (Rohde 1992, Willig et al. 
2003, Fuhrman et al. 2008, Rombouts et al. 2009), con zonas de muy alta 
diversidad en latitudes intermedias descritas para una gran variedad de 
organismos (Rex et al. 2005, Barton et al. 2010, Stomp et al. 2011). Entre los 
factores a los que se acude para explicar este patrón, se propone el 
gradiente de energía disponible (Brown 1981, Wright 1983), que se refleja 
en un gradiente de productividad del ecosistema (Hurlbert 2004) y de 
temperatura ambiental, que determina en último término las tasas de 
especiación (Allen et al. 2007) y por tanto el número total de especies. 
 
- La forma de la relación productividad-diversidad (PDR) tiene 
importantes implicaciones para el funcionamiento de los ecosistemas 
(Hooper et al. 2005, Balvanera et al. 2006). Se ha encontrado que es 
variable para diferentes organismos y hábitats, incluyendo un 
aumento/disminución monotónico, la unimodalidad o incluso la ausencia de 
dependencia (Waide et al. 1999, Mittelbach et al. 2001, Adler et al. 2011). 
Esta variabilidad en la forma de la PDR podría ser debida a la escala espacial 
y/o temporal de observación (Chase & Leibold 2002). 
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Fig. 2 Esquema conceptual de la “línea de velo” (Preston 1948). Las octavas azules 
representan la fracción de la SAD de la comunidad que descubrimos al tomar una pequeña 
muestra de la misma, mientras la porción granate representa la fracción “rara” de la 
comunidad, que habría quedado “velada” por un esfuerzo de muestreo insuficiente. 
 
Macroecología del fitoplancton marino 
La producción primaria debida al fitoplancton marino depende 
principalmente de dos factores físicos: 1) la luz, y 2) las fuerzas físicas, 
básicamente la mezcla debida al viento (Falkowski & Oliver 2006), que 
hacen que los nutrientes asciendan a aguas superficiales. Mientras la 
radiación solar (y en consecuencia la temperatura del agua superficial) 
desciende desde el Ecuador a los polos, la mezcla debida al viento y por 
tanto el ascenso de nutrientes a la capa eufótica aumenta desde los trópicos 
(donde el agua está estable verticalmente debido a la fuerte y permanente 
estratificación derivada del calentamiento solar) hacia los polos. Como 
resultado, la disponibilidad de luz y de nutrientes inorgánicos para las 
reacciones fotosintéticas están inversamente relacionadas. Así, la 
productividad primaria es muy baja a bajas latitudes, porque hay luz pero no 
hay nutrientes, mientras que es máxima a latitudes intermedias, donde hay 
disponibilidad tanto de luz como de nutrientes para los microorganismos 
autótrofos. Sin embargo, en ambientes marinos costeros a lo largo de los 
márgenes continentales, debido principalmente a la disponibilidad de altas 
concentraciones de nutrientes, hay zonas de alta productividad a bajas 
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latitudes, que pueden resultar en proliferaciones extremadamente 
abundantes de unas pocas especies. 
 
Ramón Margalef sugirió que la turbulencia es comparable a la deriva 
genética en el sentido de difuminar los límites de la distribución espacial de 
las especies (Margalef 1978). Por tanto, el nivel de diversidad detectado en 
un volumen dado de agua de mar sería dependiente de la intensidad de la 
turbulencia en el punto de muestreo (Margalef 1983). En condiciones de 
fuerte turbulencia, las comunidades estarían bien mezcladas y 
encontraríamos altos niveles de diversidad en pequeños volúmenes de 
agua, mientras en condiciones de fuerte estratificación las poblaciones 
estarían pobremente mezcladas. Además, la diversidad en la muestra 
estaría inversamente relacionada con la densidad celular, de forma que 
cuanto mayor sea el número total de células por unidad de volumen más 
baja será la diversidad detectada en una muestra. Sorprendentemente, 
estas predicciones nunca han sido exploradas en profundidad 
empíricamente. 
 
El desarrollo de los métodos moleculares de identificación nos ha hecho ser 
conscientes de la enorme diversidad de las comunidades de procariotas 
marinos, con muchas especies todavía por descubrir (Pedrós-Alió 2006). Sin 
embargo, la identificación de los eucariotas se sigue basando 
fundamentalmente en sus características morfológicas, que se determinan 
mediante la inspección visual de las células bajo el microscopio. Este es un 
proceso tedioso y en el que sólo unos cuantos taxónomos se han 
especializado, lo cual da lugar a una importante escasez de datos y por 
tanto de publicaciones acerca de los patrones macroecológicos de 
diversidad del fitoplancton marino. Por ejemplo, sólo el trabajo de Irigoien 
et al. (2004) se realizó mediante el análisis comparativo de datos de 
abundancia, biomasa y diversidad del plancton recogidos en diversos 
ecosistemas a escala global. En este trabajo se encontró que la forma de la 
relación productividad-diversidad para el fitoplancton marino es unimodal, 
con picos de diversidad a niveles de biomasa intermedios. Otro ejemplo es 
el hecho de que a pesar de la importancia de la SAD, hay muy pocos 
estudios que exploren la forma en que los individuos del plancton marino  
se reparten entre las especies (Cassie 1962, Nee 2003, Pueyo 2006, 
Pommier et al. 2007, Logares et al. 2014). 
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El LDG fue propuesto para explicar la distribución latitudinal de los 
microorganismos planctónicos, que compartirían así propiedades y 
determinantes mecanísticos con los macroorganismos  (Fuhrman et al. 
2008, Stomp et al. 2011). Sin embargo, se ha sugerido que el LDG depende 
del tamaño corporal del organismo (Hillebrand & Azovsky 2001), o incluso 
que no existe para los microorganismos, que se distribuyen de forma ubicua 
(Finlay 2002, Finlay & Fenchel 2004, Fenchel 2005).  
 
Es evidente que en el caso de los microorganismos planctónicos nos 
enfrentamos todavía a muchas dudas, entre ellas cómo las limitaciones de 
las metodologías actuales afectan a nuestra percepción del mundo 
microbiano y su diversidad (Pedrós-Alió 2006, Dolan & Stoeck 2011). 
 
Métodos convencionales de muestreo para la determinación de diversidad, 
abundancia y biomasa 
El método del microscopio invertido, o método Utermöhl, fue introducido 
en los años 30 (Utermöhl 1931) y revisado posteriormente (Utermöhl 1958, 
Lund et al. 1958). Desde la última revisión publicada por Sournia (1978), 
este método se ha usado como referencia, asumiendo que los resultados 
que nos proporciona son buenos, fiables y comparables entre sí. Su buen 
hacer en las estimas de diversidad del fitoplancton raramente se ha 
comprobado. 
 
Brevemente, el método Utermöhl (Utermöhl 1931) (Fig. 3) consiste en 
sedimentar un pequeño volumen de agua en una cámara de sedimentación 
durante un tiempo determinado. El volumen de agua sedimentado se 
determina en función de la concentración de Chl a en la muestra (Lund et al. 
1958, Sournia 1978). El tiempo de sedimentación será función de la 
densidad celular esperada en la muestra tras determinar la concentración 
de Chl a, como de la altura del cilindro de sedimentación con respecto a la 
base de la cámara. A continuación, la base de la cámara se separa del 
cilindro de sedimentación y las células son recontadas bajo el microscopio 
invertido usando diferentes magnificaciones de aumento, dependiendo del 
tamaño de las células. Además, si una especie es muy abundante, se 
recomienda explorar una pequeña fracción de la placa y extrapolar su 
abundancia total en el volumen sedimentado, mientras que para las 
poblaciones raras una mayor fracción o incluso la placa entera ha de ser 
recontada. 
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Fig. 3 Métodos de muestreo para el recuento e identificación de células de fitoplancton en 
muestras naturales. 
 
Puesto que los microorganismos alcanzan altas densidades poblacionales, 
los ecólogos dedicados al estudio del fitoplancton han asumido 
tradicionalmente que unos pocos mililitros de muestra son suficientes para 
caracterizar la composición de la comunidad y la biogeografía de las 
especies. Pero estas muestras, especialmente si se recogen a lo largo de 
gradientes de productividad o en áreas sometidas a fuerte estacionalidad, 
pueden presentar varios órdenes de magnitud de diferencia en la 
abundancia y biomasa totales por unidad de volumen. Así, las estimas del 
número de especies, aún basadas en volúmenes de muestra muy similares, 
no son estrictamente comparables (Gotelli & Colwell 2001). En palabras de 
Anne Magurran, “la biodiversidad es, en esencia, una ciencia comparativa” 
(Magurran 2004) y el significado de cualquier medida de diversidad debería 
ser considerado en relación al tamaño de la muestra (Sournia 1978). 
 
A pesar de su importancia, nunca se ha testado hasta qué punto estas 
deficiencias de los métodos de muestreo convencionales han limitado 
nuestra capacidad para delinear los patrones de diversidad del plancton 
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microbiano y en consecuencia de identificar los mecanismos que los 
determinan. 
 
Hipótesis y objetivo 
La principal hipótesis de esta Tesis es que los métodos de muestreo 
convencionales dan lugar a sesgos sustanciales en la estimación de la 
riqueza de especies del fitoplancton marino, que han sido ignorados en el 
pasado dando lugar a importantes alteraciones en nuestra percepción de 
los patrones de diversidad del fitoplancton marino. 
 
Nuestro objetivo fundamental es el de revisar los patrones de diversidad del 
fitoplancton marino en el océano superficial después de corregir las estimas 
de riqueza de especies convencionales por las diferencias en el esfuerzo de 
muestreo aplicado. Esta aproximación nos permitirá obtener datos 
apropiados y comparables, a partir de los cuales podremos redibujar los 
patrones de diversidad del fitoplancton marino. 
 
Objetivos específicos 
- Investigar si nuestro conocimiento previo acerca de los patrones de 
riqueza de especies del fitoplancton está influenciado por el uso de 
esfuerzos de muestreo diferentes a lo largo de gradientes de productividad. 
 
- Estimar la exactitud y precisión de los métodos de muestreo 
convencionales en la determinación de la riqueza de especies local (α-
diversidad). 
 
- Construir curvas de acumulación de especies, usando datos de campo y 
también datos obtenidos con modelos matemáticos, para cuantificar cómo 
de lejos están nuestras estimas de la diversidad real de una comunidad 
cuando se usan los protocolos de muestreo tradicionales. 
 
- Identificar diferencias en las distribuciones especies-abundancia de las 
comunidades de ecosistemas marinos de productividad contrastada, así 
como entre muestras tomadas con esfuerzos de muestreo convencionales 
frente a esfuerzos incrementados. 
 
- Determinar hasta qué punto la energía cinética del sistema (turbulencia) 
tiene influencia en la probabilidad de detección de las especies. 
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- Testar si los patrones de distribución de diversidad son determinados por 
los mismos mecanismos para macro- y micro-organismos. 
  
- Explorar el papel de la productividad primaria, la disponibilidad de recursos 
y las condiciones ambientales en el control de los patrones de diversidad del 
fitoplancton. 
 
- Mejorar nuestro conocimiento actual sobre los procesos responsables del 
ensamblado de las comunidades fitoplanctónicas y su papel en la 
determinación de los patrones de diversidad. 
 
Esquema de la Tesis 
Para alcanzar los objetivos expuestos con anterioridad se han desarrollado 
diferentes líneas de trabajo, de la siguiente forma: 
 
- En el Capítulo II, se caracterizaron y compararon comunidades naturales en 
términos de su distribución especies-abundancia y su relación 
productividad-diversidad. Se usaron datos de composición de especies y 
abundancias obtenidos de muestras de áreas de productividad muy 
diferenciada (zonas oligotróficas vs. de afloramiento) y también a partir de 
volúmenes de muestra convencionales vs. incrementados. Con el objetivo 
de determinar si las diferencias potenciales entre áreas de diferente 
productividad son debidas a sesgos en el muestreo o, por el contrario, a 
diferencias reales en la estructura de la comunidad, los datos brutos de 
riqueza de especies se estandarizaron por el esfuerzo de muestreo, 
obteniendo así estimas comparables entre sí, que se usaron para explorar la 
relación entre diversidad y productividad a diferente escala espacial de 
observación. 
 
- En el Capítulo III se testó la hipótesis de la subestimación de riqueza de 
especies debido a la aplicación de esfuerzo de muestreo insuficiente. Para 
ello, se analizaron 10 réplicas de agua de mar de volumen convencional 
tomadas de la misma botella Niskin en un ecosistema de afloramiento, la 
Ría de Vigo, en dos momentos de diferente productividad. Así, a partir de 
los datos obtenidos con los volúmenes convencionales y con aquéllos 
incrementados 10 veces con respecto a los primeros, se construyeron 
curvas de acumulación de especies para determinar el nivel de submuestreo 
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con respecto al que sería el esfuerzo de muestreo óptimo. Además, quería 
testarse si el nivel de submuestreo es similar o no bajo diferentes 
condiciones oceanográficas. Finalmente, se crearon comunidades sintéticas 
mediante un modelo de comunidad neutral para determinar la importancia 
del nivel de homogenización en la distribución espacial de los individuos 
sobre la probabilidad de detección de las especies. 
  
- A continuación, en el Capítulo IV se compilaron datos globales de 
composición y abundancia de especies de las comunidades fitoplanctónicas 
del océano global superficial, así como una amplia colección de variables 
ambientales y biológicas, con el objetivo de testar las predicciones de 
algunas de las principales teorías propuestas para explicar los patrones de 
distribución global de diversidad. Usamos modelos lineales y cuadráticos 
para describir la riqueza de especies en función de varias variables 
explicativas, realizamos un extenso análisis de correlación entre pares de 
variables y finalmente buscamos la combinación de factores que mejor 
explicasen los patrones de riqueza de especies observados para el 
fitoplancton marino, atendiendo también a la escala espacial y temporal de 
observación. 
 
- En el Capítulo V se presenta una síntesis de los principales resultados 
obtenidos y una discusión general acerca de las implicaciones que podrían 
tener nuestros hallazgos para la correcta comprensión de los patrones de 
diversidad del fitoplancton marino y los procesos que los provocan. 
 
- Finalmente, en el Capítulo VI se enumeran las principales conclusiones 
obtenidas con el trabajo incluido en esta Tesis doctoral. 
 
 
Capítulo 2. Riqueza de especies y productividad del ecosistema 
La distribución especies-abundancia (SAD) es representativa de los procesos 
que subyacen a la forma en que los individuos se reparten entre las especies 
que forman una comunidad. Se ha propuesto que las SADs lognormales 
sesgadas a la derecha son características de muestras pequeñas, que 
proporcionan censos incompletos de las especies que forman la comunidad 
local (Preston 1948, Nee et al. 1991), mientras que la distribución lognormal 
emerge si el esfuerzo de muestreo es suficiente para desvelar por completo 
la distribución (Dornelas & Connolly 2008). 
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Para determinar si existe una subestimación de la riqueza de especies 
dependiente de la productividad del ecosistema muestreado, se analizaron 
y compararon entre sí muestras de comunidades fitoplanctónicas de zonas 
de afloramiento costero frente a otras de ambientes oceánicos 
subtropicales. Nuestros resultados mostraron que en zonas productivas la 
mayoría de las especies se agrupaban en torno a las clases de abundancias 
intermedias y bajas, mientras que para las comunidades de aguas 
subtropicales, poco productivas, las SADs tendían a ser lognormales pero 
truncadas en la parte izquierda (Fig. 4,A), lo que sugiere que en éstas 
últimas la subestimación de la riqueza de especies podría ser más 
importante. 
 
Testamos después el efecto de “desvelado” de la SAD con el aumento del 
esfuerzo de muestreo. Para ello, se analizaron muestras de agua de mar 
tomadas en la Ría de Vigo en invierno, época caracterizada por una baja 
productividad. Se tomaron 10 submuestras de volumen convencional (50 
mL cada una), que en conjunto forma una muestra incrementada de 500 
mL. Encontramos que la SAD obtenida a partir de las pequeñas muestras 
convencionales de 50 mL era lognomal, sesgada a la derecha (como las de 
aguas subtropicales), mientras que con la muestra incrementada 
encontramos una lognormal canónica (Fig. 4,B). Este resultado sugiere que 
los esfuerzos de muestreo convencionales no son suficientes para 
caracterizar la SAD de las comunidades naturales y que podríamos estar 
subestimando el número de especies mucho más severamente en áreas de 
baja productividad, donde las abundancias poblacionales son más bajas y 
por tanto las especies son más difíciles de detectar en pequeños volúmenes 
de agua. 
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Fig. 4 (A) Número medio de especies 
observadas en cada clase de 
abundancia en comunidades de 
afloramiento costero de la Ría de Vigo 
(barras, n=19) y número medio de 
especies predichas por ajustes de 
máxima probabilidad independientes 
de distribuciones logseries y poisson 
lognormal a las distribuciones de 
comunidades subtropicales (líneas 
rojas, n=44). Las barras de error 
representan los límites de confianza al 
95% de la media del número de 
especies. La observación de que los 
datos de zonas subtropicales (líneas 
rojas) se ajustan a una distribución 
poisson log-normal es indicativo de 
esfuerzo de muestreo insuficiente. (B) 
Desvelado de la distribución especies-
abundancia de las muestras de la Ría 
de Vigo. Las barras representan el 
número de especies en cada clase de 
abundancia obtenidas al agrupar 10 
muestras convencionales de agua de mar de 50 mL cada una, alcanzando un volumen total 
de 500 mL. Las líneas rojas representan la media del número de especies predichas por el 
ajuste de máxima probabilidad a los datos de abundancia obtenidos de cada muestra 
convencional (n=10). 
 
Por último, usamos técnicas de estandarización por el esfuerzo de muestreo 
(rarefacción basada en individuos (Gotelli & Colwell 2001) y método SQS 
(Alroy 2010b)) para obtener estimas de riqueza de especies comparables 
entre áreas de productividad contrastada, en las que el número de 
individuos por unidad de volumen es muy diferente. Al enfrentar los 
resultados obtenidos (Fig. 5) o incluso la riqueza de especies observada (sin 
estandarizar) a la biomasa fitoplanctónica en la muestra (usada como 
aproximación de la productividad), la PDR obtenida no es unimodal como se 
había sugerido para el fitoplancton marino (Irigoien et al. 2004). Nuestros 
análisis revelaron la ausencia de correlación entre el número de especies y 
la biomasa fitoplanctónica en el rango de hábitats incluidos en el análisis, 
tanto al usar los datos de cada muestra individualmente, como al agrupar 
las muestras por regiones de productividad similar. Estos resultados están 
Resumen 
169 
 
de acuerdo con la idea de que la productividad del ecosistema no es un 
buen indicador de diversidad (Adler et al. 2011) del fitoplancton marino. 
 
 
Fig. 5 (A) Estimas estandarizadas 
por el esfuerzo de muestreo (por 
rarefacción) enfrentadas a la 
biomasa de carbono del 
fitoplancton. (B) Estimas de 
riqueza de especies producidas 
por el método SQS, en el cual se 
muestrea una porción (0.8) de la 
distribución especies-abundancia 
de cada comunidad individual. 
 
 
 
 
 
 
 
 
 
 
Capítulo 3. Los métodos de muestreo convencionales subestiman 
de forma severa la riqueza de especies del fitoplancton marino 
Debido a las altas densidades celulares encontradas en las muestras 
naturales de agua de mar, junto con las limitaciones del método Utermöhl, 
se ha asumido tradicionalmente que unos pocos mililitros son suficientes 
para obtener una muestra representativa de la comunidad en cuanto a su 
composición de especies. El volumen de muestra, determinado en función 
de la concentración de clorofila a (Chl a) medida en la muestra, es el 
“estándar” para definir el esfuerzo de muestreo. Aunque esta metodología 
se utiliza rutinariamente, nunca se ha comprobado hasta qué punto las 
estimas de riqueza de especies de fitoplancton obtenidas al usar estos 
pequeños volúmenes de agua son exactas.  
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Se muestrearon en la Ría de Vigo volúmenes de agua de mar 
convencionales y también volúmenes incrementados, al aumentar el 
número de réplicas tomadas. Los muestreos se realizaron en 2 momentos 
de productividad contrastada, en condiciones de “invierno” y “de 
proliferación”, caracterizadas por estructuras muy diferentes de la capa 
eufótica (gran mezcla vertical y fuerte estratificación, respectivamente) y de 
la comunidad fitoplanctónica (baja biomasa y alta equitatividad, y viceversa, 
respectivamente). Además, se realizaron también ejercicios de muestreo a 
partir de comunidades sintéticas generadas por un modelo de comunidad 
neutral, aplicando un aumento en el esfuerzo de muestreo equivalente al 
empleado empíricamente. Testamos también mediante esta aproximación 
teórica el papel de la mezcla turbulenta de los individuos (o por el contrario, 
de la agregación espacial de las células) sobre la probabilidad de detección 
de las especies. Para esto, tomamos muestras de comunidades creadas bajo 
un amplio abanico de escenarios de dispersión, de forma que cuanto mayor 
es la dispersión en el modelo, mayor es el nivel de mezcla en la comunidad y 
por tanto mayor la homogeneidad en la distribución espacial de los 
individuos en la comunidad sintética resultante. 
 
Las curvas de acumulación de especies construidas a partir de ambas 
aproximaciones mostraron claramente que los protocolos convencionales 
nos llevan a subestimar considerablemente la riqueza de especies total de 
las comunidades naturales. En concreto, se subestima alrededor del 50% de 
la riqueza total, independientemente de las condiciones ambientales o del 
tipo de comunidad (Fig. 6). Sin embargo, la disimilaridad encontrada entre la 
composición de especies detectada con muestras convencionales y 
aumentadas fue mayor en condiciones de alta biomasa y baja equitatividad, 
durante la “proliferación” (S2) (Tabla 1), cuando la tasa a la que 
encontramos nuevas especies con el aumento del esfuerzo de muestreo es 
significativamente menor que en condiciones “de invierno” (Fig. 7). Este 
resultado sugiere que la equitatividad en la abundancia de las especies 
podría ser un importante determinante de la probabilidad de detección de 
las especies, siendo las especies raras más difíciles de detectar cuanto 
menos equitativa es la comunidad. Además, nuestros análisis sugieren que 
la probabilidad de detectar nuevas especies es una función positiva de la 
turbulencia del sistema (Fig. 6), por lo que los patrones de estructura de la 
comunidad podrían estar ligados a la hidrodinámica de la columna de agua 
(Margalef 1974). 
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Fig. 6 Curvas de acumulación de especies para (A) muestras “de invierno”(S1) y (B) “de 
proliferación” (S2), construidas a partir de datos de campo (puntos rojos) y simulaciones del 
modelo neutral a diferentes niveles de dispersión (m=probabilidad de inmigración y e= 
probabilidad de emigración, para cada individuo de la comunidad sintética). Las barras 
horizontales y verticales (a veces no visibles debido a la escala) representan la desviación 
estándar del número de especies y del número de individuos identificados en las muestras 
de campo (n=10) y en las simulaciones del modelo (n= 100 simulaciones para cada 
combinación de nivel de dispersión y tamaño de muestra). El número de especies obtenido 
en cada muestra convencional (estrellas negras) se representa con fines comparativos. 
 
 
Fig. 7 Relaciones semi-log entre la 
riqueza de especies acumulada 
(número de especies) y el esfuerzo de 
muestreo (número de individuos) 
para condiciones de “invierno” (S1, 
puntos negros) y “de proliferación” 
(S2, puntos blancos). 
 
 
 
 
 
Discutimos en este capítulo cómo el submuestreo sistemático de las 
especies raras que sesga las medidas de diversidad pone en duda nuestro 
conocimiento actual sobre importantes descriptores de las comunidades de 
fitoplancton marino, como la distribución espacial de la riqueza de especies 
o de la estructura de tamaños, la distribución especies-abundancia, o 
patrones macroecológicos como las relaciones especies-área y 
productividad-diversidad. 
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Tabla 1 Número total de especies, porcentaje de especies raras e índices de disimilaridad de 
la comunidad, computados a partir de los datos de campo. 
Jac (índice Jaccard), Sø (índice Sørensen) and B-C (índice Bray-Curtis) representan la media 
de la disimilaridad entre pares de muestras, comparadas entre sí. Los valores de la muestra 
agrupada se refieren a la media de la comparación entre cada una de las submuestras 
(muestra convencionales, n = 10) y la muestra agrupada. 
 
 
Capítulo 4. Ausencia de patrón en la distribución de la diversidad 
del fitoplancton en el océano global superficial  
Considerando los resultados expuestos previamente, testamos a 
continuación la importancia de los sesgos de muestreo detectados, bajo la 
hipótesis de que han alterado nuestra percepción de los patrones 
macroecológicos de diversidad para el fitoplancton marino. El objetivo final 
es determinar si la variabilidad a gran escala en la diversidad de los 
microorganismos planctónicos marinos sigue patrones similares a aquéllos 
observados para los macroorganismos, lo que sugeriría que son gobernados 
por los mismos procesos.  
 
Usando datos recopilados en el océano global (GD) y en 4 transectos a lo 
largo del Océano Atlántico (AMTs), analizamos la diversidad del fitoplancton 
como función de la latitud, la temperatura, la productividad primaria y otras 
variables ambientales y biológicas. Así, testamos las predicciones de las 
principales teorías propuestas para explicar los patrones macroecológicos 
de diversidad, como el gradiente latitudinal de diversidad (LDG), la teoría 
metabólica de la ecología (MTE) o la relación productividad-diversidad 
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(PDR), así como el efecto acumulativo de varios factores actuando 
conjuntamente. Por primera vez, se exploraron estas relaciones después de 
corregir las estimas de riqueza de especies observadas con los métodos 
convencionales por el esfuerzo de muestreo diferencial aplicado a lo largo 
de gradientes de productividad.  
 
Nuestros resultados muestran cómo los máximos de diversidad en latitudes 
intermedias se suavizan fuertemente después de la estandarización, 
obteniendo ausencia de relación entre riqueza de especies y latitud (Fig. 8). 
Además, ni la temperatura (Fig. 9) ni la productividad primaria (biomasa) 
(Fig. 10), como indicadores de energía disponible, ni otras variables 
ambientales o biológicas individualmente o combinadas, explicaron un 
porcentaje significativo de la variabilidad observada en la distribución de la 
riqueza de especies del fitoplancton marino superficial. 
 
Fig. 8 Distribución latitudinal global de la riqueza de especies y diversidad del fitoplancton 
superficial. Las líneas continuas representan la regression OLS ajustada a los datos de 
diversidad como función de la latitud absoluta. Sobs, riqueza de especies observada (Sobs = 
39.65 – 14.10 Lat, P-value<0.0001, R
2 
= 0.028, N = 744); SChao1,riqueza de especies estimada 
(SChao1= 54.89 – 0.30 Lat, P-value<0.0001, R
2
 = 0.061, N = 542); Sraref,riqueza de especies 
estandarizada por rarefacción (n=1000 individuos submuestreados); (N = 676, la regresión 
lineal no se ajustó significativamente a los datos); SSQS, riqueza de especies estandarizada 
por el método SQS (q=0.7) (SSQS = 7.08 – 0.03 Lat, P-value<0.0001, R
2
 = 0.031, N = 744); y SH, 
índice de diversidad (SH = 1.65 – 0.003 Lat, P-value<0.05, R
2
 = 0.005, N = 744). 
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Fig. 9 Relación entre la temperatura y la riqueza de especies. El logaritmo natural de la 
riqueza de especies A) observada (Sobs, N = 698), B) estandarizada por rarefacción (Sraref, N = 
635), C) estandarizada por el método SQS (SSQS, N = 698), y D) estimada por Chao1 (SChao1, N 
= 522), expresada en función de la inversa de la temperatura absoluta en superficie, 1/kT. 
Las líneas sólidas y discontinuas representan respectivamente los modelos lineal y 
cuadrático ajustados a los datos. El modelo que mejor se ajusta, con el AIC más bajo, está 
resaltado con la línea más gruesa.  
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Fig. 10 Relación productividad-diversidad a diferentes escalas espaciales, expresada como la 
riqueza de especies superficial en función de la biomasa total. Los datos corresponden a la 
base de datos global (GD). Las líneas sólidas y discontinuas representan respectivamente los 
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modelos lineales y cuadráticos ajustados a los datos (sólo se representan los que se 
ajustaron significativamente a los datos). Los modelos que mejor se ajustaron, de acuerdo 
al menor valor de AIC, se resaltan mediante una línea más gruesa.  
 
Además, nuestros resultados sugieren que el LDG propuesto anteriormente 
para los microorganismos (Fuhrman et al. 2008, Stomp et al. 2011), al igual 
que otros patrones macroecológicos, podría ser el resultado de las 
diferencias en el esfuerzo de muestreo aplicado a lo largo de gradientes de 
productividad y los sesgos en la detección de las especies raras. Se concluye 
que los procesos a gran escala, como la dispersión pasiva de los individuos y 
la recolonización recurrente de hábitats, domina en último término la 
distribución de las especies del fitoplancton marino superficial. 
 
Propuesta de mejoras a los métodos convencionales 
En vista de los resultados obtenidos y discutidos en esta Tesis, sugerimos 
que los métodos tradicionales de muestreo deben ser reconsiderados y 
mejorados. Necesitamos obtener estimas exactas de la riqueza de especies 
a partir de las que inferir patrones a diferentes escalas espaciales y 
temporales, y nuestra visión de cómo las especies se ensamblan para 
formar comunidades debe ser actualizada. Hemos demostrado también la 
utilidad de algunas herramientas analíticas que no se habían usado nunca 
en el fitoplancton marino, con las que corregir los datos antiguos, haciendo 
las estimas de riqueza de especies a diferentes localizaciones comparables 
entre sí. 
 
 Consideramos que las siguientes propuestas pueden contribuir a la mejora 
de los métodos actuales y los datos que con ellos se obtienen: 
 
1. El esfuerzo de muestreo debe ser mayor. Se ha demostrado en esta Tesis 
que al tomar varias réplicas o submuestras del mismo dispositivo de 
muestreo y por tanto mayores volúmenes de agua de una comunidad local 
dada, se mejora sustancialmente la exactitud en la medida de la riqueza de 
especies que la componen. Esta caracterización cuantitativa de la diversidad 
de la comunidad podría ser acompañada por exploraciones cualitativas, por 
ejemplo usando redes de plancton, que pueden ayudar a detectar las 
especies muy raras (aunque no son válidas para determinar la biomasa o la 
abundancia de las mismas). 
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2. Siguiendo el diseño de muestreo aquí propuesto, nuevas campañas 
oceanográficas serán necesarias para obtener datos de composición y 
abundancia genuinas de las especies en una gran variedad de hábitats, bajo 
diferentes condiciones ambientales y biológicas, y cubriendo ciclos anuales 
de estacionalidad ambiental. A partir de cada una de estas nuevas 
colecciones de muestras, podremos construir curvas de acumulación de 
especies con las que determinar el esfuerzo de muestreo mínimo requerido 
para determinar con cierta exactitud la riqueza de especies y la composición 
de la comunidad. Debería ser testado además si el esfuerzo de muestreo 
óptimo varía entre ecosistemas, o en diferentes momentos o bajo 
diferentes condiciones oceanográficas dentro de cada ecosistema. 
 
3. En los protocolos convencionales, el volumen de agua de mar 
sedimentado se determina en función de la concentración de Chl a en la 
muestra, de forma que cuanto mayor es esta concentración, mayor biomasa 
se espera y por tanto menor volumen de muestra se sedimenta. Sin 
embargo, la relación entre la concentración de Chl a y el volumen de 
muestra es bastante subjetiva, y el volumen es decidido en última instancia 
por el taxónomo que realizará la identificación y recuento de especies. En 
consecuencia, ocurre que muchas veces el número total de individuos 
difiere significativamente entre comunidades que habitan diferentes lugares 
aunque hayan mostrado concentraciones de Chl a muy similares, debido 
por ejemplo a diferencias en la estructura de tamaño de las comunidades. 
Al construir curvas de acumulación de especies y por tanto determinar los 
esfuerzos de muestreo óptimos para comunidades creadas en situaciones 
oceanográficas bien diferentes, podremos determinar de forma más 
efectiva la relación entre la concentración de Chl a y el volumen de agua de 
mar necesitado, evitando decisiones subjetivas y obteniendo por tanto 
medidas comparables de riqueza de especies sin necesidad de acudir a 
técnicas de estandarización a posteriori. Mientras tanto, es esencial 
incorporar estas (u otras) técnicas de estandarización a los procesos 
habituales de análisis de datos, obteniendo comparaciones constructivas de 
la diversidad de las comunidades de diferentes ecosistemas (Gotelli & 
Colwell, 2001). 
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Conclusiones 
1. Los tamaños de muestra convencionales producen distribuciones 
especies-abundancia (SADs) lognormales sesgadas a la derecha, mientras 
esfuerzos de muestreo aumentados desvelan una SAD lognormal, indicando 
que un tamaño de muestra insuficiente impide la observación de la 
verdadera distribución.  
 
2. Los métodos de muestreo convencionales producen SAD lognormales 
sesgadas a la derecha en área de poco productivas y SADs lognormales en 
de alta productividad, por lo que el submuestreo de especies podría ser 
especialmente importante en áreas de baja productividad.  
 
3. El número de especies observadas se duplicó al aumentar 10 veces el 
volumen de muestra con respecto a las muestras convencionales, lo que 
implica que las estimas de riqueza de especies del fitoplancton  dependen 
del esfuerzo de muestreo de forma crítica. Esta conclusión sugiere que las 
comunidades de fitoplancton marino podrían ser mucho más diversas de lo 
previamente estimado. 
 
4. La principal causa de subestimación de riqueza de especies es un 
submuestreo sistemático de las especies raras, en bajas abundancias 
poblacionales, que representan una gran fracción de la riqueza total en 
comunidades fitoplanctónicas en el océano. 
 
5. La probabilidad de encontrar nuevas especies en un ecosistema 
productivo (Ría de Vigo) con el aumento del esfuerzo de muestreo fue 
mayor en las muestras “de invierno”, caracterizadas por mayor uniformidad 
en el reparto de la abundancia entre las especies, que en las muestras “de 
proliferación”, en las que la mayoría de los individuos pertenecen a unas 
pocas especies.  
 
6. La productividad del ecosistema (expresada como biomasa 
fitoplanctónica) no se relaciona con las estimas riqueza de especies 
estandarizadas por el esfuerzo de muestreo. Este resultado es un 
argumento en contra de la idea de que la diversidad del fitoplancton alcanza 
valores máximos para valores intermedios de producción primaria, lo que 
sugiere que estas dos propiedades fundamentales de las comunidades de 
fitoplancton marino podrían no relacionarse mecanísticamente. 
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7. El fitoplancton marino no muestra un gradiente latitudinal de diversidad y 
los puntos de muy alta diversidad a latitudes intermedias prácticamente 
desaparecen después de la estandarización de la riqueza de especies por el 
esfuerzo de muestreo.  
 
8. El gradiente latitudinal de diversidad, la teoría metabólica de la ecología o 
la relación productividad-diversidad no explican una fracción significativa de 
la variabilidad en la distribución de la riqueza de especies del fitoplancton, a 
escala global ni a lo largo del Océano Atlántico. Además, ninguna de las 
variables ambientales y biológicas individualmente, ni tampoco el efecto 
combinado de un grupo de ellas, explicaron la distribución de diversidad 
encontrada. 
 
9. Nuestros resultados sugieren la necesidad de crear curvas de 
acumulación de especies y análisis de rarefacción para definir tamaños de 
muestra óptimos. Los protocolos de muestreo mejorados proporcionarán 
estimas precisas (y más altas) y también bases de datos estandarizados, lo 
cual es crítico para comparar las estimas del número de especies en  
ecosistemas diferentes.  
 
 
 
 
“It always seems impossible until it’s done” 
Nelson Mandela 
 
